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ABSTRACT 
 
This project focused on the abrasion resistance of concrete railway crossties. In the first phase of 
this project, a series of high performance concrete mixes was developed that utilized different 
replacement levels of portland cement by silica fume (3%, 7% and 15%), class F fly ash (18%) 
and slag cement (25% and 43%). These mixes were tested via a variety of standard tests, 
including shrinkage, permeability, freeze-thaw resistance and compressive strength. A non-
standardized concrete test was used to measure the abrasion resistance of each of the mixes. The 
results did not show a strong correlation between abrasion resistance and compressive strength.  
In the second phase of the project, the relationship between the abrasion resistance of 
individual phases of a composite and the overall abrasion of the composite was investigated. 
Layered composite specimens composed of different area-fractions of phases of different 
hardness and composition were tested. Four phases, in various combinations, were tested: a hard 
mortar, a soft mortar, dolomitic limestone and trap rock. These tests explored the relationship 
between the abrasion resistance of a composite and the abrasion resistance of the individual 
phases in the composite. A new model for abrasion resistance of two-phase composite materials 
was developed.  The new approach is inspired by the classic Reuss model. It was found that the 
abrasion resistance decreased non-linearly with the introduction of a more resistant phase and 
that the harder of the two phases had a disproportional impact on the overall abrasion resistance 
of the composite. Furthermore, it was found that the abrasion resistance was minimally 
dependent on the boundary effects and sizes of the individual phases and was merely dependent 
on the overall exposed area fraction. 
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The results of this study shed new light on an old rule of thumb.  It is widely believed and 
supported by many papers in literature that the abrasion resistance of concrete is directly 
proportional to concrete strength.  The current study shows that aggregate hardness plays a 
dominant role, and comparisons of concrete materials can be contrived such that the rule of 
thumb does not apply.  The abrasion resistance of high strength concrete depends strongly on the 
hardness and abrasion resistance of the mineral used for coarse aggregate. 
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Chapter 1: INTRODUCTION TO HIGH PERFORMANCE CONCRETE 
1.1 Background 
 
Prestressed concrete railway crossties have been used by North American railroads since the 
1960s. Compared with commonly used timber ties and other tie types, prestressed concrete ties 
have the potential to increase track stiffness and withstand heavier axle loads and higher traffic 
volumes. Another purported advantage of concrete ties is that their service life is designed to be 
up to 50 years[1]. This suggests less maintenance and increased productivity and efficiency for 
the railroads.  Due to certain durability problems, however, the observed service life of concrete 
ties has been significantly shortened and greater maintenance has been required than anticipated. 
This can cause concrete ties to have a higher life-cycle cost as well as a higher initial cost than 
timber ties. If durability problems remain unresolved, concrete ties forfeit most of their 
advantages over timber ties and fail to deliver their full potential.  
There are multiple causes of concrete deterioration and fastener damage that can lead to 
failure of concrete ties in ballast track. Concrete deterioration primarily results from some 
combination of the following mechanisms: abrasion and hydraulic pressure cracking at rail seat, 
freeze-thaw damage, chemical attack like alkali silica reaction (ASR), and cracking under impact 
and frequent dynamic loads[2]. 
One possible solution to this problem is the use of high performance concrete (HPC). In 
recent years, HPC has been widely used in applications like tunnels, bridges and marine 
structures where premature deterioration frequently happens if normal concrete is utilized. 
Several state DOTs and other institutions have adopted this material to bridge construction and 
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realized the benefits[3–7]. Frequently, the choice of HPC is driven by superior durability 
performance in aggressive environments.   
One of the focuses of this project was on improving concrete performance with respect to 
several characteristics that are key for rail applications.  These characteristics included superior 
compressive strength, including high early strength, good freeze thaw resistance, a low 
susceptibility to ASR, low shrinkage, low permeability, and high durability.  One objective of 
this research project was to prolong service life and reduce life-cycle cost of concrete ties by 
developing one or more HPC materials that provide attractive fresh properties, satisfactory 
mechanical properties and long term durability.  
1.2 Definition of High Performance Concrete (HPC)  
 
The design principles behind HPC have evolved with time. In the late 1970s, there was a focus 
on high strength concrete. Today, however, HPC is recognized as much more than just a very 
strong concrete; it also demonstrates improved properties, such as high durability and abrasion 
resistance. Thus, properties of the material other than strength must be considered, and they may 
be even more critical.  
Many researchers and groups have attempted to develop a definition for HPC. According 
to Forster, “high performance concrete (HPC) is a concrete: made with appropriate materials, 
combined according to a selected mix design; properly mixed, transported, placed, consolidated 
and cured so that the resulting concrete will give an excellent performance in the structure in 
which it is placed, in the environment to which it is exposed and with the loads to which it will 
be subject for its design”[8]. Thus, any concrete which satisfies certain criteria proposed to 
overcome the limitations of conventional concrete may be called HPC, and it is not possible to 
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provide a unique definition of HPC without considering the performance requirements of the 
intended use of the concrete[9]. 
According to the American Concrete Institute, HPC is defined as concrete which meets 
special combination of performance and uniformity requirements that cannot always be achieved 
routinely by using conventional materials and normal mixing, placing, and curing practices[10]. 
The requirements may involve improvements to the following parameters: ease of placement and 
compaction without segregation, long-term mechanical properties, early-age strength, volume 
stability, or long service life in severe environments. Concrete possessing many of these 
characteristics often exhibit high strength. Therefore HPC is often high strength concrete, but 
high strength concrete may not necessarily be HPC. A normal strength concrete having 
properties like attractive workability and high durability could also be considered HPC.  
1.3 Strategies to Improve Properties of HPC 
1.3.1 Workability 
 
Workability is a critical aspect of fresh concrete. Many factors such as ease of placement, 
consolidation, strength and durability depend on the workability. Concrete that is not properly 
consolidated can have defects like air voids and honeycombing. For HPC, a mix design should 
provide a workable mixture that is easy to vibrate and fluid enough to be able to fill the mold or 
pass through closely placed reinforcing bars.  A slump of 100 mm should provide adequate 
workability[11]. Workability depends on the water to binder ratio (w/b), cementitous material 
content, the use of supplementary cementitious materials (SCMs), aggregates (type, shape, 
gradation) and the addition of chemical admixtures.  
Supplementary cementitious materials (SCMs), such as fly ash (FA) and silica fume (SF), 
have also become necessary for producing HPC. The introduction of mineral admixtures such as 
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FA generally improves the workability. The specific densities of mineral admixtures are 
typically smaller than cement, so a larger volume of paste is created than by an equal weight of 
cement. Additionally, the hydration rates of mineral admixture are usually negligible during the 
initial hydration period, so there is more free water in the fresh mix compared with pure cement 
paste with the same w/b. FA particles are also spherical in shape, which allows FA to lubricate 
the concrete mix by acting as billions of tiny ball bearings. Due to the very fine particle size of 
SF, however, an increase in the SF content in the mix tends to increase the water demand if the 
same workability is to be maintained.  
1.3.2 Strength 
 
The strength of concrete is usually the property most valued from an engineering viewpoint. 
According to Union Pacific Railroad Company concrete tie specification (2010), the minimum 
compressive strength of concrete tie should be 5000 psi at transfer of prestress and 8000 psi at 28 
days, and the split tensile strength should be no less than 500 psi at transfer of prestress. The 
American Railway Engineering and Maintenance-of-Way Association (AREMA) recommends a 
minimum 28 day compressive strength of 7000 psi[12]. 
It is well recognized that the compressive strength of concrete is governed by the water-
binder ratio (w/b). This can be explained as a consequence of a progressive strengthening of the 
matrix caused by decreasing porosity and a continuous improvement of the interfacial transition 
zone (ITZ) with decrease in w/b. Thus, to obtain high strength for HPC, the primary method is to 
lower the w/b. In order to obtain a high strength at a low w/c, a high cementitious materials 
content is required, typically above 400 kg/m
3
[13]. 
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Supplementary cementitious materials have a significant influence on the strength of 
HPC. The smaller particle sizes of these materials allow them to fill the voids between larger 
cement particles, which would otherwise been occupied by water, and to pack in more efficiently 
around aggregate particles. Moreover, the pozzolanic reaction between mineral admixtures and 
calcium hydroxide (a major hydration product of hydrated cement paste) can produce more C-S-
H gel, which leads to significant reduction in porosity of both the matrix and the ITZ[13].  
SF is a very reactive pozzolanic material, which make it very effective at increasing the 
strength of concrete, especially at early ages.  Khatri and Siriviatnanon studied the compressive 
strength of HPC containing 10% SF with w/b of 0.35. They found that the compressive strength 
was improved at all ages up to 1 year[14].  Wong and Razak studied the compressive strength of 
concrete containing 0-15% SF at w/b of 0.27, 0.30, and 0.33. They observed that SF did not 
produce a strength improvement until 7 days. After 90 days, the average strength enhancement 
with 10% SF achieved a 17% increase[15].  
The reactivity of FA and slag are relatively low, so they can have a retarding effect on the 
strength development[14], [16]. Considering the potential lower strength development, typical 
replacement of cement by Type F FA is usually around 15-25% by weight and 20-35% for Type 
C FA. However, the substitution of slag for portland cement can be as high as 80%[17].  
The shortcomings associated with the use of only one mineral admixture in binary 
mixtures has led more and more researchers to adopt ternary or quaternary cementitious systems. 
For example, in a cement/FA/SF ternary mix, FA offsets the increase of water demand and heat 
of hydration resulting from addition of SF, while SF compensates for the low early age strength 
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of FA concrete[6]. The benefits of this kind of mixture are generally attributed to the synergistic 
effect taking place when two or more mineral admixtures are used. 
High early age strength is required for concrete ties to facilitate transfer of prestress. For 
obtaining high early strength, one or a combination of the following methods can/are being used: 
high early strength cement, more cement content, low w/b, higher curing temperature (such as 
steam curing and autoclave curing), chemical admixtures such as accelerators and supplementary 
cementitious materials, especially SF. 
1.3.3 Freeze-Thaw Durability 
 
Freeze-thaw damage is a major cause of concrete deterioration in cold regions and regions that 
experience many cycles of freezing and thawing per year. The use of air-entraining admixtures 
(AEA) to introduce an adequate network of closely spaced air bubbles in concrete material has 
been proven to be very effective to resist freeze-thaw damage[18], [19]. Chapter 30, Part 4 of 
AREMA Manual for Railway Engineering recommends a minimum of 4.5% and 3.5% air 
content for the fresh concrete and the hardened concrete, and a maximum air void spacing of 200 
µm for adequate freeze-thaw durability[12]. AREMA also recommends the durability factor 
tested according to ASTM C666 Method A to be 90% after 300 cycles to ensure freeze-thaw 
durability[12]. However, while entrained air provides adequate frost resistance, it also leads to 
reduction of concrete strength, which may not be desirable to obtain high strength[18].  
With the increasing use of HPC, there has been some controversy on the necessity of 
entraining air in such concrete. For HPC with low w/b, there is less internal freezable water due 
to self-desiccation with hydration, and the extremely low permeability of HPC makes it 
practically impossible to become saturated in outdoor exposures. These arguments provide a 
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rationale for achieving frost resistance without entrained air. Some researchers concluded that 
HPC can be frost resistant without air entrainment. 
Pigeon et al. reported that cement type had a large influence on the frost resistance of 
high strength concrete without air entrainment[20]. He found that a freeze-thaw durable mix 
could be developed at w/b of 0.30 for Type III cement, and for Type I cement the value is 0.25. 
Hooton studied the frost resistance of concretes containing 0%, 10%, 15%, and 20% SF at w/b of 
0.36 or 0.37[21]. The air content was 1%. He found that the mix without SF failed after 58 
cycles, while all SF concrete had durability factor in excess of 90% after 300 cycles. Salem et al. 
found HPC with w/b of 0.29 is freeze-thaw durable[22]. Another study by Hale et al. also studied 
the need for air entrainment in HPC. The variables for all the mixtures were air content and w/b. 
They concluded that with good quality materials, air entrainment was not necessary to obtain 
adequate frost resistance for concrete with w/b less than 0.36, and air content of 4% would 
provide enough frost resistance for air-entrained concrete with w/b between 0.36 and 0.56[23]. 
Despite these findings, some other research found that air entrainment is still needed for 
concrete with a low w/b.  Cohen et al. reported that the absence of air entrainment resulted in 
degradation of concrete with or without SF, and SF tended to reduce the frost resistance of 
concrete[24]. Peng et al. observed that for HPC with w/b of 0.32 and with addition of different 
pozzolans, most mixes could not resist 300 cycles of freezing and thawing. They recommended 
that air entrainment should be a main approach to enhance frost resistance[25].  The literature 
fails to define a consensus viewpoint regarding frost resistance of non-air-entrained HPC.   
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Chapter 2: INTRODUCTION TO ABRASION RESISTANCE 
 
Many of the studies on HPC have been devoted to applications such as bridge decks.  While 
many of the traits needed for bridge decks, such as high strength and superior freeze thaw 
resistance, are the same as those needed for railway crossties, bridge decks are at high risk for 
the corrosion of the reinforcing steel due to high salt exposure.  Railway crossties experience 
little to no salt exposure, but they do experience much higher concentrated loads and grinding 
abrasion, which is thought to be responsible for rail seat deterioration (RSD).  
According to a survey, the most critical problem with concrete ties in North America is 
rail seat deterioration (RSD)[2]. A separate study conducted at UIUC revealed that RSD is 
caused primarily by abrasion, with freeze-thaw and hydraulic pressure cracking contributing[26]. 
Understanding the mechanics of abrasion and what contributes to abrasion resistance in concrete 
is key to approaching the critical problem of RSD.  
With regards to the rail industry, one key area where there is limited data is in the 
abrasion resistance of concrete.  While ASTM does have several standard tests for abrasion, the 
tests are more geared to rolling wheel, impact, or hydro- abrasion, while in the rail industry 
problems occur mainly from grinding abrasion. Additionally, there is a lack of information 
regarding the abrasion resistance of quaternary mixes. Finally, it is known that the presence of 
moisture and abrasive fines increases RSD [2] but many tests for abrasion resistance do not 
incorporate these parameters. 
Abrasion may be defined as surface wear that causes progressive loss of material from a 
concrete surface. Abrasion results from dynamic forces and displacements that are cycled many 
times. In concrete ties, abrasion could be caused by some combination of rubbing of the tie pad, 
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grinding of abrasive fines, and the impact between the rail and tie[2]. Papenfus reviewed the 
main factors that contribute to abrasion resistance in concrete, especially for concrete pavers. 
These factors include: concrete strength, binder content and type, aggregate characteristics, air 
content and porosity, and surface treatment[27].    
Conventional wisdom holds that the abrasion resistance of concrete is directly related to 
its compressive strength. Concrete with higher compressive strength was found to generally 
indicate better abrasion resistance[28–32]. Scholz and Keshari developed several HPC ternary 
mixes for precast bridge decks to improve the studded tire abrasion resistance[33]. They found 
that two mixes with higher cementitious materials content and lower w/b (0.26 and 0.27) 
provided the best abrasion resistance. In another study, Atis reported that abrasion resistance is 
more related to flexural strength rather than compressive strength[34].  These studies focused, 
however, on very significant differences in compressive strength, which may have led to an 
oversimplification of the relationship between compressive strength and abrasion resistance. 
The influence of FA on the abrasion resistance of concrete has been investigated 
extensively. Generally, there is no obvious improvement of abrasion resistance by FA. Some 
studies revealed that partial replacement of portland cement by FA decreases the abrasion 
resistance due to a loss of compressive strength[16], [32], [34–36]. Some other studies found that 
at certain FA replacement level, the abrasion resistance of FA concrete is comparable to the 
control concrete[29], [37]. Siddique and Khatib reported an improved abrasion resistance of FA 
concrete when FA is used to partially replace sand[38].  
The introduction of SF has been found to significantly improve the abrasion resistance of 
concrete[39], [40]. Holland and Gutschow adopted high strength SF concrete to rehabilitate two 
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structures, the Kinzua Dam and the Los Angeles River channel, that suffered severe abrasion-
erosion damage[41]. The SF content was 15% by mass of cement and the w/b was about 0.30. 
The results showed high strength SF concrete provided adequate abrasion resistance. Scholz and 
Keshari found that the mixture with 4% SF and slag had a significantly higher abrasion 
resistance as compared with the control mixture, and increasing the SF content beyond 4% had 
no further beneficial effect on the abrasion resistance based on the modified ASTM C 779/C 
779M method[33]. Turk and Karatas examined the abrasion resistance of self-compacting 
concrete (SCC) in which cement was replaced by SF at four levels (5%, 10%, 15% and 20%), 
and concluded that increasing SF content up to 15% continuously improved the abrasion 
resistance of concrete[32]. 
Not all research on abrasion resistance, however, has been focused on a direct 
relationship with compressive strength. Some research work has indicated that adoption of high-
stiffness aggregate can improve the abrasion resistance of concrete. Concrete made with hard 
aggregate like trap rock, quartzite, granite or hematite showed higher abrasion resistance than 
concrete made with limestone[28], [42], [43] and concrete prepared with sandstone has the 
poorest abrasion resistance[44].
 
 
The potential improvement to abrasion resistance through the use of fiber reinforced 
concrete has also been considered. Vassou et al. found that inclusion of 0.51% steel fiber or 0.1% 
polypropylene (PP) fiber in concrete improved the abrasion resistance of concrete floors[45]. 
Horszczaruk reported that steel fibers with an aspect ratio above 50 and polypropylene (PP) 
fibers increased the abrasion resistance of HPC concretes[46]. Li et al. (2006) also observed 
improved abrasion resistance by adding PP fiber in concrete pavements[31]. However, some 
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other studies showed that fibers had no effect on the abrasion resistance of concrete[34], [42], 
[47]. 
Finally, the abrasion resistance of concrete has been correlated to surface properties and 
finishing regardless of its compressive strength. Sadegzadeh found that abrasion resistance was 
largely determined by the pore structure of the surface zone and that different surface finishing 
methods produced substantially different microstructures within the surface zone[48]. Mehta and 
Monteiro recommended that particular attention should be paid to ensure that the concrete at the 
surface is of high quality[13]. The floating and trowelling operations should be delayed until the 
surface bleeding water has been lost. In a report by the Federal Highway Administration 
(FHWA), abrasion resistance was listed as one motivation for proper surface finishing and 
curing[49]. 
In general, many studies have focused on correlating abrasion resistance to the strength of 
concrete, particularly its compressive strength. Other studies, however, that have looked at other 
factors such as pore structure and aggregate type, have demonstrated that abrasion resistance is 
dependent on many factors. Abrasion resistance is a complex issue that studies have shown can 
be affected by a variety of factors. 
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Chapter 3: MATERIALS AND METHODS FOR HPC 
3.1 Concrete Mix Design and Concrete Test Matrix 
 
The focus of the first phase of the project was to explore the effects of replacing various 
percentages of portland cement (PC) with different supplementary cementitious materials 
(SCMs). Previous studies have shown that synergistic effects are often observed when SCMs are 
used in various combinations. The goal of this phase of the project was to develop high 
performing concrete mixtures that surpassed ordinary portland cement concrete in various 
performance metrics in order to improve the long term performance of concrete railway 
crossties. 
In addition to ordinary portland cement (PC), three different types of SCMs were studied. 
Densified silica fume (SF) replaced a portion of the cement in all but the two control mixes. 
Additionally, class F fly ash (FA) was used in several of the mixes and ground granulated blast 
furnace slag, or slag cement (SC), was also used as partial PC replacement. The replacement 
levels and combinations were based on benefits seen in previous studies in the literature. 
Different levels were chosen to reflect common replacement levels in unique combinations with 
other SCMs. The mixes were then tested with a comprehensive array of tests in order to fully 
characterize the performance of each mix.  
The water to binder ratio (w/b) and aggregate and cement content was held constant for 
all mixtures, with the exception of an ultra-high performance (UHPC) mix. The objective of this 
phase of the project was to study possible improvements in performance for concrete using 
SCMs and care was taken to minimize as much as possible all other effects. The base mix for 
this project was designed to be representative of mixes being used in the concrete-crosstie 
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industry. A cementitous content of 674 pcy was used with a 0.30 w/b. The volume percentage of 
coarse aggregate versus fine aggregate was set at approximately 70%, initially. Trial testing 
determined that 62% was the optimum coarse aggregate percent (versus fine) to eliminate 
bleeding and optimize workability for the aggregates used in this project. The specifics of the 
aggregates are discussed later in section 3.2. 
The air content was also tightly controlled. Initially, the fresh air content was stipulated at 
6% +/- 0.5% for all mixes. Additionally, the slump proscribed at 9 in. +/- 1 in. for all mixes in 
order to achieve mixes that were very workable and suitable to the pre-cast tie industry.  Cross-
tie manufacturers often rely on vibrating the molds to consolidate the concrete. The production 
method and the relatively small reinforcement spacing for concrete crossties necessitates a very 
high degree of workability. Chemical admixtures were used to adjust the fresh properties for all 
mixes. These are discussed later in section 3.2. 
The naming convention for the mixes was based on their PC replacement levels. For 
example, if a mix contained 7% SF as the only SCM, it would be labeled “7SF,” but if a mix 
contained 18% FA and 7% SF it would be labeled “7SF18FA.” If a mix contained fibers, “Fib” 
was added to the end. The control mix was designated “Con.” Finally, all mixes from the original 
test matrix had an “O” appended to the beginning to differentiate these mixes from the mixes 
used in the final test matrix. 
There were 12 mixes in the original test matrix. There were two original control mixes. 
The first control mix did not employ any SCMs and its mix design was based on mixes from the 
cross-tie industry. The second control mix also had no SCMs but also had steel fibers. Silica 
fume was used in all of the remaining mixes, either at a 7% PC replacement level or at 15%. 
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Additionally, some mixes contained fly ash at either 18% or 20% PC replacement levels and 
some mixes contained SC at 40%, 43%, or 50% replacement levels.  
Additionally, 1 ultra-high performance mix (UHPC) was tested. The mix design for this 
mixture varied significantly from all other mixes. The UHPC contained no coarse aggregate, had 
an increased cement content and had a w/b ratio of 0.2. Additionally, the UHPC mix contained 
2% steel microfibers. The cost of such a mix would make it prohibitively expensive for most 
applications, but it was used as a point of comparison for the other mixes. Please see Table 3.1 
for the complete mix designs for the original test matrix.  
The compressive strength of each mix was tested at 1 day to determine feasibility for the 
precast industry. One of the primary focuses of this project was to develop concrete for cross-tie 
applications, and as a result adequate strength gain was essential. Cross-tie manufacturing is a 
pre-stressed pre-cast industry and the manufacturing rate is restricted by an adequate turnaround 
time for the forms. As a result, high performance concrete mixtures (HPC) that contain levels of 
SCMs that significantly reduce the rate of strength gain, even if the long term strength is 
superior, would not be applicable to the cross-tie industry. The initial round of testing of 
compressive strength at early ages was designed to identify and modify mixes that may not meet 
this requirement. Mixes with fibers (with equivalent non-fiber mixes) and the UHPC mix was 
excluded from this initial phase of testing. 
The strength data showed that all mixes with PC replacement by SCMs had lower 
strengths at 1 day. The was not an unexpected result, as pozzolanic reactions and hydration 
reactions with slag cement are known to occur slower than the hydration of ordinary portland 
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cement. For most mixes, however, the strength decrease was minor. These mixes were deemed 
acceptable.  
For several mixes with very high PC replacement levels, however, the decrease in 
strength was more pronounced. Three mixes, O-7SF18FA50SC, O-18SF50SC and O-
15SF20FA40SC, had compressive strengths less than 30% of the control mix. Since the control 
mix was designed to be representative of typical concrete crosstie mixes, these decreases in 
strength gain were unacceptable. Table 3.2 and Figure 3.1 shows the results of these tests.  
Based on this initial strength data, several modifications were made to the initial test 
matrix. First, the percentage replacement of portland cement in any one mix was limited to just 
over 50%. Second, the exact levels of SCM replacement levels were modified slightly to be more 
consistent (e.g. fly ash replacement level was set at 18%). Additionally, the air content was 
decreased from 6% to 4.5% to follow AREMA recommendations.  
Two new mixes were introduced with just 3% SF replacement. These additional mixes 
were intended to capture more of the typical range of replacement levels to reduce costs, as silica 
fume is expensive relative to portland cement. Two more “highly experimental” mixes, in 
addition to the UHPC, were added that contained no air entrainment. This was primarily to 
explore the effects of a lack of entrained air on permeability and freeze-thaw resistance for these 
HPC mixes. 
Finally, a sixteenth mix (StdCon) was added to the test matrix for a very limited number 
of tests—strength and compression—which are discussed later. The purpose of this last mix was 
to provide a larger comparison to the performance of the other mixes, which were all high 
quality. The w/b was raised and a 28 day compressive strength of 7000 psi was targeted to bring 
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it into compliance with AREMA recommendations. The complete, final, test matrix can be seen 
in Table 3.3.  
3.2 Lab Materials 
 
The cement used in the lab was a type I portland cement from Saylor cements. The densified 
silica fume was provided Elkem and class F fly ash, complying with ASTM C 618[50], was 
obtained from Boral. Grade 100 slag cement, complying with ASTM C989, was used from 
Holcim[51]. In addition to the cementitious materials, Sika chemical admixtures were used to 
control the fresh properties of the concrete. The slump was controlled using Sika ViscoCrete 
2100 high range water reducing admixture, which is a polycarboxylate polymer superplasticizer 
complying with ASTM C494 Type A and F. The air content was controlled using Sika AEA-14 
air entraining admixture, which complied with ASTM C260. The dosages of the chemical 
admixtures were adjusted for each mix to meet the fresh property requirements for slump and 
fresh air content. 
The coarse aggregate used for the concrete mixes was a dolomitic limestone with a 
nominal maximum aggregate size of ¾ in. Limestone is generally considered a softer aggregate, 
with an average Moh’s hardness value of 3[52]. The fine aggregate used in the lab was natural 
river sand. All aggregates were batched in the oven dried condition. The mix water was corrected 
for aggregate absorption during mixing.  
A Hobart pan mixer was used in the concrete lab to mix the concrete. The batch size limit 
of the mixer was 2 cu. ft., so two separate batches had to be made for each mix design in order to 
complete the tests. The fresh air content was tested in each batch to maintain a constant air 
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content. Mixes that did not meet the fresh air content requirement were discarded. The batch 
sizes were between 1.3-1.35 cu. ft. per batch. 
There was some concern over properly dispersing the agglomerated silica fume particles. 
Previous studies had shown that densified silica fume particles are not always broken up 
adequately during standard lab mixing procedures[53], [54]. The Silica Fume Association (SFA), 
in conjunction with IDOT, created a silica fume user’s manual that contained a recommended 
proportioning procedure[55]. According to the manual, 75% of water should be placed in the 
mixer along with the coarse aggregate and silica fume. This is mixed for 1 minute 30 seconds 
and then the remaining cementitious materials are added and mixed for an additional 1 minute 30 
seconds. At that point the remaining water and fine aggregate is added to the mixer and mixed 
for 5 minutes. Following a three minute rest period, the mix should be mixed for a final 5 
minutes. While this procedure was significantly longer than ASTM C192 (16 minutes vs 8 
minutes), there was still concern that this was not adequate for the specific lab set-up and 
materials[56]. 
An experiment was run with the lab equipment to test the effect of mixing time on 
compressive strength. To run the experiment, the 7SF mix was made following the SFA 
recommendations, for an initial mix time of 16 minutes. The mixing was then stopped, the air 
content was measured, and five 4 in. by 8 in. compression cylinders were compacted following 
ASTM C192[56]. Then the pan mixer was started again and this same procedure was followed at 
two additional 5 minute mix increments, for a total mix time of 26 minutes. The 1 day 
compressive strengths of the cylinders were then measured.  
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It was found that increasing the mixing time did have a significant impact on the 1 day 
compressive strength. An increase in the 1 day strength of 26% was found when the mix time 
was increased by an additional 10 minutes. While there was a decrease in air content due to the 
additional mixing (6.6% to 5% by the end), this decrease did not fully account for this significant 
increase in compressive strength. The majority of this strength gain was attributed to better 
grinding and distribution of the silica fume particles. The results of this mix time experiment can 
be seen in Table 3.4.  
Based on these findings, the mixing procedure for all of the mixes was modified. The 
final mix time for all concrete mixes was considerably longer than that recommended by SFA or 
ASTM. In the final mixing procedure, 75% of the water, with the required dosage of air entrainer 
mixed in, the coarse aggregate and the silica fume were added to the mixer and mixed for 1 min. 
30 sec. Then, the remaining cementitious materials were added to the mixer and mixed for an 
additional 1 min. 30 sec. Next, the fine aggregate and remaining water, with 75% of the 
estimated needed HRWR mixed in, was added to the pan and mixed for 10 min. The concrete 
mixture was then allowed to rest for 3 min. During this time, its flowability was observed.  The 
concrete was then mixed for a final 10 minutes, and the remaining dosage of HRWR was added 
at that time, if needed.   
3.3 Standard Tests 
 
A wide range of standard concrete tests were performed in order to fully characterize each mix. 
A full characterization was necessary in order to understand the advantages and drawbacks of 
each mix with regards to its estimated performance in the field. Crossties are often exposed to 
harsh conditions, including aggressive environments and high loads, and tolerance is very low.  
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Characterization was also necessary to ensure consistency between mixes and experimental 
control. 
First, tests were frequently performed on the aggregates available in the lab that were 
used in the mixes. ASTM C127[57] and C128[58] were used to measure the absorptions, 
moisture contents and specific gravities of the coarse and fine aggregates. A sieve analysis was 
also periodically performed on the aggregates according to ASTM C136[59]. These tests were 
used to ensure proper mix design calculations, to correct for the moisture of the aggregates in the 
concrete mixes, and to minimize the impact that the aggregates had on the relative performance 
of the concrete mixes.  
The fresh properties of each mix were also measured and tightly controlled. The 
workability of the concrete was measured using ASTM C143[60], the slump of concrete. The 
slump was measured to the nearest quarter of an inch and was measured immediately after 
mixing. The unit weight of the fresh concrete was measured using ASTM C138. Finally, the 
tightest controls were over the fresh air content of the concrete, which was measured using 
ASTM C231[61], the pressure method. An aggregate correction factor of 0.7% was applied to 
the raw measurement. If any batch did not meet the slump requirements (8 +/- 1 in.) or the air 
content requirements (corrected 4.5 +/- 0.5%), it was discarded. 
After measuring the fresh properties, the concrete was then sampled to test the heat of 
hydration, following ASTM 1702[62]. Two 4x8 in. standard concrete cylinders were filled with 
concrete and placed into an adiabatic chamber and a temperature probe was inserted into each 
cylinder. The temperature was then recorded for the next 24 to 48 hours using the PicoLog data 
acquisition system. Heat of hydration is an important property of concrete as it gives an 
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indication of the rate of the hydraulic reaction. Additionally, for the precast industry, the heat of 
hydration can be important to ensure that the initial curing temperatures are not excessive. 
The shrinkage of the concrete specimens was also measured using ASTM C157[63]. Two 
different curing regimes were used. In the first curing regime, the ASTM standard was followed 
exactly. ASTM C157 stipulates that the specimens be submerged in a lime solution for 28 days 
prior to testing. After removal from the lime solution, the specimens were stored at 30°C and 
50% relative humidity.  The length of the specimens were measured when they were demolded 
initially, and then after 28 day curing. 
 Additionally, a second, non-standard, curing regime was employed. The length of the 
concrete specimens were measured starting one day after casting. These specimens were cured in 
a temperature and humidity controlled room—30°C and 50% relative humidity. The alternative 
curing regime was used to better simulate curing that concrete crossties undergo. Shrinkage is 
important for the volume stability of the elements and excessive shrinkage could result in a loss 
of the prestressing force, which is critical for concrete crossties.  
The permeability of the concrete mixes was also measured, using ASTM C1202, the 
rapid chloride penetration test (RCPT). A Germann Instruments Proove It automated system was 
used to perform the test and two specimens were tested from each mix. All concrete mixes were 
tested at 28 days and most mixes were also tested at 90 days. Permeability of concrete has 
important implications on the durability of concrete as it lowers the ingress of water into the 
concrete. Water, and other solutions, can cause problems with the corrosion of reinforcing steel 
and lead to damage from alkali-silica reaction (ASR) and freeze-thaw cycles[18]. 
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The freeze thaw resistance of the concrete was also tested using ASTM C666. Two 
concrete prism specimens from each mix were tested. Due to limitations in the laboratory 
equipment available, one set of specimens was tested at a licensed testing firm, CTL. The second 
set of specimens was tested at UIUC using a standard freeze-thaw testing machine. Length 
changes, mass and dynamic resonance were measured and recorded at intervals throughout the 
test. The test specimens were 3 in. by 3 in. by 11.25 in. concrete prism specimens. Gauge studs 
were cast into the prisms during molding to monitor length change. 
Finally, the compressive strength of the concrete was measured using ASTM C39[64] at 
different ages. Specimens were capped with a sulfur-based capping compound in the lab and 
were tested in a Forney testing machine. Three specimens were tested from each mix at each age. 
The age intervals were 1 day, 7 days, 28 days, 56 days and 90 days. This was to measure long 
term performance as well as to gauge the strength development for each mix. A rapid strength 
development is essential for a mix to be feasible for precast concrete applications, such as 
concrete crossties. A high long term strength is also critical for good field performance. 
Individual specimens that did not meet the minimum variation as specified by ASTM C39 were 
discarded.  
3.4 A Review of Tests for Abrasion Resistance 
 
There are a variety of tests for abrasion resistance, due in part to the broad definition of abrasion. 
For example, the term “abrasion” is used to refer to hydraulic situations where flowing water 
circulates sand and other abrasive grit and damages the concrete. Abrasion is also a great concern 
for industrial warehouses and other areas where concrete slabs are exposed to repeated loading 
by steel wheels. Another type of abrasion occurs with pavements, especially in snowy regions 
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where studded tires are used. Finally, with regards to the rail industry, abrasion is caused 
underneath the rail seat by repeated loadings by trains and the presence of abrasive fines and 
water. As a result, different industries have adopted different standards for testing abrasion 
resistance.  
One such standard is ASTM C1138, which tests the underwater abrasion resistance of 
concrete. ASTM C1138 is primarily used for hydraulic structures with circulating water. In this 
test, the concrete specimen is placed in a test container filled with water. An abrasive charge 
composed of seventy grade 1000 chrome steel grinding balls is placed in the container, and then 
paddles attached to a drill are used to swirl the water and steel balls.  The abrasion is determined 
by the mass loss of the specimen. This test is not very applicable for concrete crosstie 
applications in that it does not apply any load to the specimen and the concrete is submerged the 
entire time, which is not representative of field conditions.  
Another test of abrasion resistance is ASTM C418, the sandblasting method. This test 
abrades the surface of a concrete specimen by using a gun to shoot sand at a concrete specimen. 
The sand flow is specified at 600 ± 25 g/min.  Nine different spots on the specimen are sand 
blasted for 1 minute, and then the volume of concrete that was abraded is measured by filling the 
created defects with clay. The abrasive sand is 20-30. While this test does employ abrasive fines, 
which is shown to contribute to RSD, no moisture is present throughout the test and there is no 
load applied to the specimen.  
The American Railway Engineering and Maintenance of Way Association (AREMA) has 
a unique test set-up to evaluate the abrasion resistance of concrete crossties, called AREMA test 
6[12]. The test, however, is primarily a test of the composite system of a crosstie, including the 
23 
 
rail pad, rail and fastening system. The test is quite cumbersome and time consuming as it 
requires the cyclic loading of a full tie over a number of days, and it only results in a pass or fail, 
with little basis for quantitative comparison. Furthermore, it is primarily a test of the fastening 
system and does not adequately evaluate the concrete used for the tie. Therefore, it was not a 
suitable test to test the abrasion resistance of the concrete of the rail seat. 
In addition to AREMA test 6, the AREMA chapter 30 manual also recommends that the 
result from ASTM C779 should also be reported[65]. ASTM C779 is the standard test method 
for abrasion resistance of horizontal concrete surfaces. ASTM C779 contains three different 
procedures for abrasion resistance. These three procedures all approach the testing of abrasion 
resistance in different ways and yield different results. AREMA chapter 30 recommends that the 
results from ASTM C779 procedure C are reported, although it does not provide 
recommendations for interpreting the results or accepting/rejecting mixes based on the results. 
ASTM C779 procedure C is the ball bearings method. The test set-up can be seen in 
Figure 3.2. For procedure C, eight steel ball bearings are placed under a 27 lbf. load and spun on 
a wet concrete test surface. Abrasion is caused through both impact and sliding friction [65]. 
Abrasion resistance is quantified by taking depth of wear measurements throughout the test. 
While this test is advantageous in that it examines both impact and sliding resistance, it does not 
incorporate abrasive fines and instead focuses on the steel-concrete interface. Additionally, 
studies have shown that the results are dependent on the test specimen size and the results of this 
test method are highly variable[66].  
ASTM C779 procedure B is the dressing wheel method. A schematic of the test set-up 
can be found in Figure 3.3. This test method works by applying three sets of dressing wheels to 
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the surface of a concrete specimen with a load of 16.5 lbs. The dressing wheels are then rotated 
and the depth of wear is measured every 15 minutes throughout the test. The drawbacks to this 
test is that the presence of abrasive fines is neglected and moisture is not present, both of which 
are key factors in the development of RSD. Additionally, studies have shown that the results are 
highly variable[66].  
Finally, ASTM C779 procedure A is the revolving disk method. The test set-up can be 
seen in Figure 3.4. To run the test, a No. 60 silicon carbide grit is applied to the surface of the 
specimen and the three revolving disks are loaded with 5 lbs. each and then rotated. Depth 
measurements are taken throughout the test [65]. The test is advantageous in that it does employ 
abrasive grit but it does not incorporate moisture and it severely restricts the possible geometries 
of specimens to be tested.  
Outside of the United States, other countries have developed standardized abrasion tests 
of their own. Of note are two standards from the United Kingdom and Turkey. Turkish standard 
TS 699 and British Standard BS 812-113 are very similar. In these tests, a concrete specimen is 
applied to a rotating steel wheel and loaded.  Abrasive grit and water can also be applied to the 
wheel, and the depth of wear after a set time is recorded[30], [32]. These tests are advantageous 
in that they utilize load, abrasive grit and water and can be modified to account for different 
specimen geometries. This test is not standardized in the United States, however.  
3.5 Small-Scale Test for Abrasion Resistance (SSTAR) 
 
A new test method for abrasion resistance, the small-scale test for abrasion resistance (SSTAR), 
was developed at UIUC based on the British and Turkish standards. The need for the new test 
set-up was justified based on the deficiencies discussed above in the currently existing U.S. 
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standards. The objective was to develop a more representative test with results that would be 
more applicable to the concrete crosstie industry. This was to be accomplished by incorporating 
abrasive fines and the addition of water and the application of a load to the specimen. To this 
end, it was decided to base the new test set-up on TS 669 and BS 812-113. 
A lapping machine previously used to flatten machined metal parts was repurposed for 
this test. Figure 3.5 shows a picture of the test set-up. The set-up consisted of a steel lapping 
plate with three lapping rings held in place on the plate by circular ball bearings. The lapping 
rings had a nominal inner diameter of 4.5 in. Water was added to the center of the plate at a rate 
of 187.5 mL/min. and 20-30 Ottawa silica sand was added to a location on the lapping plate at a 
rate of 50 mL/min. Specimens were placed inside of each of the lapping rings and a vertical dead 
load of 4.5 pounds was applied to each specimen. Throughout the test, the lapping plate rotated 
at a rate of 60 revolutions per minute and the steel lapping rings were permitted to rotate along 
their own axis, held in place by the rollers.  
The specimens tested in the SSTAR were 1 in. thick, 4 in. diameter concrete disks. These 
disks were saw-cut from the molded end of standard 4 in. diameter, 8 in. long concrete cylinders 
as specified in ASTM C192[56]. Care was taken to ensure the molded end was flat. Prior to 
testing, the concrete disks were soaked in potable water for 24 hours to ensure a constant 
moisture state for all specimens tested. To decrease the variability in the results, two tests (with a 
total of 6 specimens) were run for each mix, unless otherwise noted. 
To quantify the abrasion rate, depth measurements were taken at four different locations 
on each specimen using digital Vernier calipers. Depth measurements were taken every 5 
minutes for the first 20 minutes, then once in the next 10 minutes, and finally every 20 minutes 
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for the remaining hour. The higher density of measurements taken in the beginning was to 
attempt to see the different behaviors between pure mortar abrasion at the surface and, later, the 
abrasion of exposed aggregate and concrete. 
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Chapter 4: RESULTS OF CONCRETE TESTS 
4.1 Standard Test Results 
 
All of the concrete mix designs were able to be successfully mixed and tested in the lab. Air 
content and slump were successfully controlled using air entraining and high range water 
reducing admixtures. The actual batch weights, fresh properties, unit weight and yield for each of 
the mixes is displayed in Table 4.1.  Data for each of the other tests, including heat of hydration, 
shrinkage, permeability and freeze-thaw resistance, was analyzed and the results are presented 
here.  
  The first test conducted immediately after the concrete was mixed, in addition to the fresh 
properties tests, was the heat of hydration. Heat of hydration can give an indication of the rate at 
which the hydration reaction is occurring. It was also be important for pre-cast applications, as 
heat treatment is often used to accelerate the reaction and reduce the time to demolding. ASTM 
C1702, the standard method for measuring the heat of hydration, was used. 
The results of ASTM C1702 followed the expected trends. Mixes that had a high cement 
content, such as the UHPC mix, had a very high heat of hydration. Other mixes that contained 
small amounts of silica fume or a high percentage of portland cement had higher peak heats of 
hydration. Mixes that contained large amounts of slag cement or fly ash tended to have lower 
peaks that were broader. These observed trends follow established reaction rates for these 
constituents[18]. Table 4.2 and Figure 4.1 show the data from the heat of hydration testing.  
In addition to testing the heat of hydration, the shrinkage of the specimens was also 
measured. Reducing or limiting the shrinkage of concrete in railway crossties is important for 
several reasons. For example, excessive shrinkage could reduce the applied force from the pre-
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stressing tendons. Shrinkage is also an indication of the volume stability of a mix and it is 
important to have low shrinkage to achieve high quality concrete. 
All the concrete mixes performed well in ASTM C157, which is the standard procedure 
for measuring the length change of concrete. Per the standard, the specimens were cured for 28 
days prior to testing. Please see Figure 4.2 and Figure 4.3 for the shrinkage results. The results 
showed that the stiffer matrix formed by the addition of silica fume did slightly improve the 
shrinkage results. In general, the shrinkage was greater at the beginning but reached a stable state 
fairly quickly, which was expected.  
The shrinkage of concrete specimens without curing in lime water was also tested. In this 
case, the standard was modified so that the concrete prisms were not given the opportunity to 
cure and shrinkage was measured starting 24 hours after casting. These concrete specimens also 
behaved as expected. Shrinkage was higher in this case compared to the cured samples, but all 
specimens still showed the same general trend of increased shrinkage at the beginning which 
gradually stopped with time. Please see Figures 4.4 and 4.5 for the air shrinkage data. 
Another factor that is important for concrete is its permeability. Permeability can affect 
the lifespan of a concrete element, as it impacts the rate at which water can ingress into the 
concrete. This has implications in many degradation mechanisms, including alkali-silica reaction 
(ASR), leaching, and the corrosion of reinforcing steel and prestressed tendons. In general, a low 
permeability is preferable. ASTM C1202, the rapid chloride penetration test (RCPT) was used to 
measure the permeability of each mix. 
  The results of ASTM C1202 reflected expected trends in the literature. In all cases, the 
permeability as measured by RCPT dropped as the concrete aged from 28 to 90 days. 
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Additionally, the use of silica fume decreased the amount of coulombs passed considerably, 
which is an indication of a much less permeable matrix. ASTM C1202 also contains a 
classification system for the charge passed amount, displayed in Table 4.3. At 28 days, the 
control mix was classified as “moderate” and the mixes containing only 3% silica fume were 
classified as having “low” permeability. All the mixes containing 7% of silica fume or greater 
were classified as having “very low” permeability. The additional, 7000 psi control, had a much 
higher permeability that could be classified as moderate bordering on high, according to ASTM. 
Mixes that contained steel fibers, including the UHPC, could not be tested using RCPT due to 
the presence of these conductive fibers, which greatly influenced the results. The complete 
results can be seen in Table 4.4 and Figure 4.6.  
Another important consideration for concrete crossties is freeze thaw resistance. In the 
field, concrete crossties can be exposed to many cycles of freezing and thawing, which can cause 
premature deterioration. To assess the resistance of these mixes, ASTM C666 procedure A (wet) 
was used. The results from these tests can be seen in Figures 4.7—4.8 and Tables 4.5-4.8. 
All of the concrete mixes passed ASTM C666 and AREMA recommendations. 
According to the standard, a specimen is considered to have failed if the dynamic modulus 
reaches 60% of its original value or if the expansion exceed 0.1%. AREMA has a much higher 
recommended dynamic modulus pass level of 90%. All of the specimens tested, including the 
control, exhibited excellent resistance when exposed to these freezing and thawing cycles. This 
was expected for several reasons. First, these were all high quality mixes with relatively high 
strength and low permeability, as indicated by ASTM C1202. Additionally, most of the mixes 
were air entrained with 4.5% air to improve the freeze thaw resistance. As a result, damage from 
exposure to freezing and thawing cycles was quite low. It is interesting to note that entraining 
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4.5% air did not seem to significantly improve the frost resistance of the aggregates compared to 
the two, non-air entrained mixes. 
In general, all of these mixes demonstrated that high quality concrete was manufactured 
in the lab. The shrinkage was very acceptable and showed further improvement when silica fume 
was added to stiffen the matrix. RCPT showed that the control mix had moderate to low 
permeability, and that this permeability was significantly improved through the use of silica 
fume. Finally, all mixes exhibited excellent freeze-thaw resistance. Overall, these results were 
what was expected from high performance concrete mixes that could be used in the field for 
concrete railway crossties.  
4.2 Compressive Strength and Abrasion Resistance 
 
Compression and abrasion tests were performed on all mixes. The methods were detailed 
previously. Compressive strength is an essential design parameter in almost every civil 
engineering element, and concrete crossties are no exception. Additionally, abrasion resistance is 
a key parameter as RSD, as discussed previously, is a primary concern in the life of concrete 
crossties in the field. Therefore, the goal was to increase both of these parameters in a cost-
effective and efficient manner. 
The compressive results for the mixes can be found in Table 4.8 and Figure 4.9. The 
average compressive strength at 28 days for the standard mixes was 10,600 psi, which is 
considerably higher than the AREMA recommended minimum of 7000 psi. At 28 days, the 
control mix with fibers had the lowest compressive strength of 7530 psi, although this may have 
been due to poor consolidation. The second lowest compressive strength was the control mix 
without fibers, with a strength of 8160 psi. The highest 28 day compressive strength of the 
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standard mixes was the mix with 15% silica fume, with a compressive strength of 11,940 psi. If 
the non-standard mixes are included, the UHPC mix had the highest compressive strength at 
15,760 psi.  
As expected, the compressive strength increased with age. This was true for all mixes, 
although the strength increase was more drastic in some cases compared to others. The highest 
strength increases from 1 to 90 days occurred with the mixes containing large percentages of slag 
cement (SC). SC has a slower reaction rate than portland cement, so these results correlate with 
trends in previous literature[67]. The largest strength increase was with mix 15SF43SC, which 
had a strength increase of 79% from day 1 to day 90. The lowest strength increase from day 1 to 
day 90 was with mix 3SF. The compressive strength only increased 38.7% from 1 to 90 days. 
Mix 3SF also had the highest 1 day compressive strength.  
Another trend that could be seen from the data is that the use of SCMs, especially silica 
fume (SF), increased the compressive strength. At 28 days, the addition of 3% and 7% SF 
increased the compressive strength by about 10%. The mix with 15% SF was 36% stronger than 
the control mix. The addition of FA and SC helped to further increase the compressive strength 
in some cases. Mix 15SF43SC by 90 days showed an improvement in strength of 65% relative to 
the control, although it had one of the lowest 1 day strengths. In general, all of the concrete 
compressive strengths followed the expected trends and all had strengths high enough to be 
classified as high performing concrete (HPC). 
Based on the literature review, it was expected that there would be a strong correlation 
between the compressive strength of the concrete and the abrasion resistance. Traditionally, it 
was thought that improving the compressive strength of concrete would automatically result in 
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an increased abrasion resistance, but it was important to verify this relationship. The abrasion 
resistance of each concrete mix was tested using SSTAR, which was previously described. 
A general trend between the compressive strength and abrasion resistance could be 
observed when mixes with large differences in compressive strength were analyzed. For this 
analysis, three mixes were chosen: the HPC control (Con.), the standard 7000 psi control 
(StdCon.), and the ultra-high performance concrete mix (UHPC). Figure 4.10 shows the wear 
depth over time for each of these three mixes. A higher wear depth indicates a lower abrasion 
resistance. The error bars represent one standard deviation in the data collected. 
As can be seen from Figure 4.11, there is a statistical difference in the wear depth of 
these three mixes. As the compressive strength increases, the wear depth decreases, indicating an 
increase in compressive strength. This trend follows what is expected in the literature. This is 
only for three cases, however, that represent the full spread of the data set. When smaller 
differences in compressive strength were analyzed, as was the case with the improvements to the 
control through the use of SCMs, this relationship did not hold.  
The full abrasion results were unexpected and not in keeping with the current body of 
literature. Figure 4.12 shows the wear depth of each mix. As can be seen from the graph, most 
mixes showed no statistically significant difference in wear depth. There were no clear 
differences in the behavior of each concrete mix for the standard mixes. The UHPC was the only 
mix that had a significantly improved abrasion resistance relative to most mixes. The use of 
metal fibers tended to increase the standard deviation of the results. In general, the use of SCMs 
did not improve the abrasion resistance of concrete. This can be seen even when only a single 
SCM, such as SF, is isolated. This was done in Figure 4.13.   
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Additionally, an attempt was made to observe a relationship between compressive 
strength and abrasion resistance and wear rate. The wear rate (in mm/hr) for each specimen was 
calculated based on the final wear depth. The final wear rate for each mix can be seen in Figure 
4.13. When these values are graphed versus the compressive strength of each mix there was no 
significant observable trend. Figure 4.14 shows the results of this analysis.  
4.3 Discussion of Compression and Abrasion Results 
Several possible explanations for these unexpected results were considered. One possible 
explanation lay in the use of densified silica fume. Previous research has shown that densified 
silica fume is not always de-agglomerated during the mixing process, which reduces the positive 
effects of silica fume. While this issue had been addressed previously with an extended mxing 
time, there was still concern that the laboratory set-up was not adequate. Alternatively, the 
literature discusses the effects of aggregate on abrasion resistance, with a strong correlation 
being found in some studies[44]. As can be seen from Figure 4.15 and Figure 4.16, although the 
test started out testing a pure mortar surface, by the end of the test a significant portion of the 
exposed surface was composed of limestone coarse aggregate, which is a softer rock. These two 
theories were explored with further testing. 
To test the possibility of inadequate mixing resulting in remaining agglomerated particles 
of silica fume, three additional mixes were remade in the lab. These consisted of the control mix 
with no silica fume, the standard densified silica mix with 7% silica fume (7SF), and the 7SF 
mix but using undensified silica fume from Elkem. These three mixes were tested at 7 days, and 
were tested together to minimize the effect of artifacts of the test set-up. The results are shown in 
Figure 4.17. As was found with the 28 day old samples, there was no statistical difference 
between any of the three mixes. Additionally, it was noted that in other tests, such as 
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compressive strength and permeability, the densified silica fume had resulted in significantly 
improved performance compared to the control. Based on these results, it was concluded that the 
improper grinding of densified silica fume was not a likely explanation for the abrasion results. 
Next, the role of the aggregate in abrasion resistance was considered. The aggregate used 
in the concrete was a dolomitic limestone, which has a hardness of 3 on the Moh’s hardness 
scale[52]. This was a relatively soft aggregate, and there was concern that the abrasion of the 
aggregate phase was dominating the results of the test. To investigate this further, concrete 
specimens with trap rock aggregate, which has a Moh’s hardness of 8-9 and is considerably 
stronger than limestone, were tested and the results compared to the limestone concrete[68]. 
Once again, the control mix and the 7SF mix were compared with both trap rock and 
limestone. The results showed that the use of trap rock drastically decreased the wear depth of 
the specimens.  The results can be seen in Figure 4.18. While the differences in behavior that 
was observed when the SCM was added was slight, the effect of using trap rock was clearly 
significant. This effect appeared to dominate all other factors. It could even be observed from the 
abraded surface of the specimen that the height of the mortar phase of the concrete lay slightly 
below that of the trap rock aggregate phase. This is shown in Figure 4.19. Therefore, it was 
concluded that the effect of the limestone likely dominated the abrasion resistance of concrete, 
and that this effect overshadowed any differences in behavior that might have resulted from 
slight improvements to the compressive strength. 
Based on the results discussed in this section, it was theorized that the correlation seen in 
previous studies on abrasion between compressive strength and abrasion resistance was the result 
of a secondary effect. The studies focused on large differences in compressive strength, and 
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neglected the behavior of the individual phases, such as the coarse aggregates and mortar phases. 
It was believed that, since the quality of the HPC control mix was already so high, the abrasion 
resistance of the aggregate phase had a much more significant impact on the results than slight 
increases to compressive strength did. For example, if the results from the standard HPC mixes 
were averaged and compared to the results of the standard control (StdCon) and the ultra-high 
performance concrete (UHPC), a trend of increasing abrasion resistance with compressive 
strength could be observed. This is shown in Figure 4.20. Generally speaking, however, this was 
probably the result of secondary effects and wass not related to any fundamental properties of the 
paste or aggregates. In the second phase of this project, this notion is explored further.  
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Chapter 5: INTRODUCTION TO COMPOSITE SPECIMENS 
 
As discussed previously, the abrasion resistance of concrete was significantly affected by the 
type of aggregate used. This is in keeping with existing literature[44]. In this project, it was 
found that the abrasion resistance of concrete was much more affected by the resistance of the 
aggregate phase to abrasion than the strength of each individual mix.  Based on these results, it 
was reasoned that the abrasion resistance of concrete should be approached as a two-phase (or 
multi-phase) problem. In most of the literature, the abrasion resistance of the concrete as a whole 
was examined. Therefore, in this second phase of the project, the effect of the relationship 
between various phases present in a composite material, such as concrete, was examined. 
Concrete is a composite material formed from a cementitious matrix, with fine aggregate 
and randomly oriented large particles of coarse aggregate dispersed throughout. For the purposes 
of abrasion resistance, two major phases could be considered to be the cement paste and the 
coarse aggregate, although the type and presence of fine aggregate and the addition of fibers 
could all possibly contribute to the composite abrasion behaviors. In this project, the behavior of 
2-phase, cementitious material composites was studied.  
Since it is difficult to control the exact amount and orientation of coarse aggregates in a 
concrete mix exposed throughout the course of an abrasion test, composite specimens were 
fabricated in the lab. Phases of different strengths and hardnesses were epoxied together to form 
a single specimen. The use of these composite specimens allowed for a tight control over the 
percentage of each phase that was exposed, which permitted the study of the relationship 
between the different phases and the overall composite behavior.  
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The fabricated specimens tested in abrasion were 3 in. by 3 in. by 1 in. deep prism 
specimens. Each specimen was comprised of 5 identically-sized slices, which were 3 in. long by 
0.6 in. wide by 1 in. deep.  A picture of samples for each composite can be found in Figure 
5.1—5.10. Each slice represented 20% exposed area of the specimen, and was comprised of one 
of four different phases tested. The different phases tested were a soft mortar, a hard mortar, 
limestone aggregate, and trap rock aggregate. The details of each of these phases is discussed 
later in more detail.  
Five slices per specimen was chose to improve the precision and to maintain symmetry. 
In an initial stage of this testing, a six slice specimen was tested. A six slice specimen would 
have allowed a greater resolution in the percentage of exposed phase. However, it was 
discovered that, since the different phases abraded at different rates and due to the nature of the 
test, wearing heaving favored one side and began to affect the accuracy of the results. Limits on 
the precision of the specimen fabrication limited the maximum number of slices to six, so it was 
decided to use 5 slice composites. An image of the uneven wear with the 6 slice composite can 
be seen in Figure 5.11.  
In the first stage of this composite study, two different mortar mixes were designed to 
simulate a harder and a softer phase in a cementitious composite, such as concrete. The objective 
of these two mortars was to tightly control the material properties of each mix, and to provide a 
significant difference in abrasion behavior for a basis of comparison. The softer mortar mix was 
designed to simulate the mortar that may be found in a lower quality, standard concrete mix. The 
high strength mix was designed to represent a very high quality mix similar to the mixes tested in 
the first phase of this project. 
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The mix designs for the hard and soft mortar mixes can be seen in Table 5.1. To limit the 
number of variables affecting the abrasion results, the aggregate to paste volume ratio was held 
constant. Since the different mixes had different w/b ratios and since silica fume has a different 
specific gravity than portland cement, the aggregate to cement volume ratio did differ from mix 
to mix. The soft mix had a w/c of 0.5 while the hard mortar mix had a w/b of 0.28. A small 
amount of Sika Visco-crete was used as a superplasticizer for the hard mortar mix. The fine 
aggregate used was natural sand that was sieved to passing the No. 30 sieve. This was to limit the 
effect of larger fine aggregates on the abrasion results. Since there were no coarse aggregates to 
adequately grind the densified silica fume particles, undensified silica fume from Elkem was 
used. 
Each mortar mix was made using a small Lancaster pan mixer. This allowed relatively 
large batch sizes of mortar to be mixed, which increased the consistency from specimen to 
specimen greatly. Since undensified silica fume was used, there was no concern for adequate 
mixing time to de-agglomerate the particles and thus the time did not need to be extended. The 
mix procedure was the same for both mortars. First, the fine aggregate and approximately half of 
the corrected mix water was mixed for 30 sec. Next, the cementitious materials and the 
remaining mix water was added to the pan and mixed for 2 minutes. After a one minute rest, the 
mortar was mixed for a final minute.  
Steel prism molds were used to make large prisms of mortar, which could then be later 
cut down to the desired size. The prism molds were 3 in. wide by 11.25 in. long by 1 in. deep. 
Additionally, 3 in. cubes were fabricated for compressive strength testing. The specimens were 
demolded after 24 hours and submerged in lime-saturated water. They were submerge-cured at 
70°C for 7 days, at which point they were removed from the solution and stored at room 
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temperature until they were tested in abrasion. The accelerated curing regime was expected to 
fully hydrate the mix and no significant strength gain was expected after 7 days.  
In addition to mortar phases, large specimens of trap rock and limestone were also 
obtained. These aggregate samples were obtained from the same sources as those tested in the 
concrete abrasion resistance in phase 1. Large rocks (approximately 8-12 in. nominal maximum 
diameter) were obtained from the source quarries for the lab aggregate, which are shown in 
Figures 5.12 and 5.13. A large concrete saw was used to cut them into slices 1 in. thick. The 
aggregate samples could then be processed and fabricated in the same manner as the mortar 
specimens. 
In the first stage of this study, the relationship between various percentages of soft versus 
hard paste was studied, as this allowed for tighter experimental control of behavior and 
properties. This also allowed for the development of an abrasion model, which is discussed in 
Chapter 7. After completing that study, mortar samples were combined with actual aggregate 
phases. Combining aggregate and mortar into 2-phase composites, while it decreased somewhat 
the experimental control over behavior and strength, allowed actual concrete to be more closely 
simulated. This also allowed the effect of using a significantly harder phase, such as trap rock, to 
be studied. 
Finally, the effect of boundary conditions and slice size was investigated. It was 
important to study whether or not the size of the slice, and not just the overall area percent 
exposed, had an effect on the results. It was theorized that boundaries could be areas that wore 
first, and therefore having smaller slices with more boundaries would result in a lower abrasion 
resistance regardless of the volume of each phase. To test this, specimens were made from the 
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soft paste phase. Three different sized slices, 0.6 in., 0.9 in. and 1.2 in., were fabricated and used 
to make specimens. Two slices, both of the same size, were used to make each specimen, and the 
slices were spaced apart. Figures 5.14—5.16 shows these specimens. 
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Chapter 6: COMPOSITE MATERIALS AND FABRICATION 
6.1 Test Matrix 
 
A test matrix for the composite specimens was constructed. In the first stage, all possible 
combinations of hard and soft mortar were tested. Since the specimens were limited to 5 slices, 
this allowed for six different combinations of hard and soft. For the soft mortar, 0%, 20%, 40%, 
60%, 80% and 100% soft phase specimens were tested.  This corresponded to 100-0% hard 
phases for those same specimens. The nomenclature is listed in Table 6.1. 
After the completion of the mortar matrix, tests were also conducted on the abrasion 
resistance of composites made with standard aggregates. Two different aggregates, as mentioned 
above, were used in this phase: trap rock and limestone. Dolomitic limestone is comprised 
mainly of calcite and is generally considered to be a softer aggregate. It has a Moh’s hardness 
value of approximately 3[69]. Trap rock is a much harder aggregate. It has a typical Moh’s 
hardness value of 8-9[68].  
To establish the baseline curve, specimens of pure trap rock and pure limestone were 
tested. Additionally, the soft mortar phase was combined with trap rock and a tertiary composite, 
with soft mortar, limestone, and trap rock was also fabricated. Table 6.2 contains the 
nomenclature and combinations for the aggregate mixes.  
6.2 Specimen Fabrication 
 
To fabricate the specimens, a tile saw was used to cut the larger prisms to the correctly sized 
slices. Slices that were 1 in. deep by 0.6 in. wide by 3 in. long were cut from each material. A 
moderate set epoxy was then used to epoxy the slices together in the correct configuration, as 
specified in Tables 6.1 and 6.2. Care was taken to prevent epoxy from resting on the bottom 
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surface of the specimens that would be exposed to abrasion. In the case of mortar specimens, the 
molded surface of the prism was tested in abrasion while the finished surface was facing up. 
Quick-grip clamps were used to secure the composite specimens for 24 hours to allow for the 
epoxy to fully cure. Three specimens were manufactured at a time for testing.  
The boundary condition specimens were fabricated in an almost identical manner. A tile 
saw was used to cut slices of the appropriate dimensions. Two slices per specimen (of the same 
size) were epoxied to a 3 in. by 3 in. aluminum plate. The aluminum plate served to hold the 
configuration of the specimens rigidly in place. The outer edge of each slice was aligned with 
opposite edges of the steel plate. Three specimens were manufactured at a time for testing. 
6.3 Testing Protocol 
 
After the specimens had been fabricated and the epoxy had cured, they were removed from the 
clamps and conditioned by submerging them. The specimens were submerged in lime-saturated 
water at room temperature for a period of 24 hours immediately prior to testing on the SSTAR. 
This was similar to the procedure used for concrete specimens, and was used to ensure a constant 
moisture state prior to testing. Moisture is known to have an impact on concrete strength and is a 
contributing factor to RSD[2].  
The testing procedure on the SSTAR was modified slightly from that procedure used in 
the first phase on concrete specimens. ASTM graded Ottowa silica sand, which is finer than the 
20-30 silica sand used on the concrete, was used. Second, due to the fabricated nature of the 
specimens, a 5 minute pre-grind period was implemented. Initial dimensions were taken and then 
the specimens were abraded for 5 minutes. At the end of five minutes, the bottom surface of the 
specimens were inspected for the presence of epoxy or for uneven edges that were artifacts of the 
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specimen construction. If such defects were still present, the specimens were ground for an 
additional 5 minutes. Once the bottom surface of the specimens was deemed acceptable, a true 
initial measurement was taken. This value was held as the 0 minute point for all subsequent 
measuring points. 
 Additionally, the timing and measuring sequence of the test was modified. The test was 
run for a total of 60 minutes from the 0 minutes reading. Depth measurements were taken at 0 
minutes, 30 minutes, and 60 minutes. To accurately gauge the depth of the specimen, depth 
measurements were taken at the center of each end of each slice. This yielded 10 data points per 
specimen. The overall depth loss was taken as the average depth loss from each individual point. 
Figure 6.1 shows a schematic of the samples and measuring points. All other testing procedures 
were held the same. 
In addition to abrasion tests, the compressive strength of the two mortars was tested 
according to ASTM C109[70]. Cube specimens (2 in.) were made from the mortar in the batches. 
The strength was tested at 7 days after heat curing. Compressive strength was tested since it is 
loosely correlated to abrasion resistance and since it is also an indication of the quality of the 
mortar. It was important to have significantly different properties for the two mortars in order to 
study the behavior of the composite. 
Finally, the hardness of the phases was tested. Due to the inherent variability in mortars, 
it was decided to use a Rockwell Y-scale superficial hardness test with a ½ in. diam. steel ball 
indentor and a load of 12 kgf. All specimens tested were saw cut specimens that were 1 in. thick 
prisms. A total of 4 readings was taken for the strong mortar specimens and 10 readings were 
taken for the softer mortar specimen, due to an increase in the variability of the results.  
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Chapter 7: COMPOSITE RESULTS 
7.1 Mortar Hardness and Compressive Strength Results 
 
The outliers in the hardness data were discarded, and the average of several points was taken for 
each mortar mix. The hard mortar had an average Rockwell 15Y hardness value of 91.20, with a 
standard deviation of 0.92. The soft mortar had an average Rockwell 15Y hardness of 80.39 with 
a standard deviation of 4.14. This confirmed that the “hard” mortar mix was harder than the 
“soft” mortar mix. 
The compressive strength (after 7 days of heat curing) of the mixes was also tested. The 
soft mortar had an average strength of 1996 psi while the hard mortar had a compressive strength 
of 3483 psi. This was an increase in compressive strength of 74.5%, which is substantial. 
Therefore, it was expected that the abrasion properties of the two mortars would be significantly 
different. 
7.2 Mortar Composite Results 
 
The data for the composite specimens was analyzed in the same way as the concrete specimens 
in the first phase.  An abrasion wear rate, in mm/hr, was calculated for each specimen at the end 
of the test. It represented the average depth loss, in mm, of each specimen throughout the 
duration of the test. The averages of wear rates for each combination of phases was found as well 
as the standard deviations.  
The mortar specimens were tested and analyzed first. The results can be seen in Figure 
7.1 and Table 7.1. The wear rate average for each combination of soft and hard mortar was 
graphed as a percentage of the hard phase present. For example, the 0% hard phase data point 
represents the composite comprised entirely of soft phase slices, while the 40% hard data point 
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represents a composite with 2 hard slices and 3 soft slices. As expected, the graph shows an 
increased wear rate with a decreased percentage of hard phase.  
As can be seen in Table 7.1, the 100% hard composite had a wear rate of 2.900 mm/hr. 
The soft mortar composite, to contrast, had a wear rate of 8.990 mm/hr. This wear rate is 3 times 
higher for the soft mortar than for the hard mortar mix, which provides a very significant 
difference in the abrasion wear rates between the two phases.  
The results showed a non-linear relationship between the percent hard phase and the 
abrasion wear rate. When only 20% (1 slice) of the hard mortar phase was added to the 
composite, as compared to a pure soft mortar composite, the wear rate dropped by 43%. With 
subsequent additions of harder phases, for example for 20% to 40% or from 40% to 60%, the 
abrasion wear rate only decreased by 9% and 11%, respectively. There was no significant 
improvement in abrasion resistance when the percentage of hard mortar was increased from 80% 
to 100%. 
The results showed that abrasion is disproportionately affected by the abrasion resistance 
of the more wear resistant phase. Even a percentage as small as 20% had a very significant 
impact on the overall abrasion resistance of the composite. This goes contrary to the 
conventional wisdom that the compressive strength is directly correlated to abrasion resistance. 
While an improvement to compressive strength of 20% of the material may have little to no 
effect on the compressive strength, it could have a drastic impact on the abrasion resistance of a 
material. 
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7.3 Aggregate Composite Results 
 
A similar trend to that of the mortar composites was observed when composites made with 
aggregate phases were tested. The sample set for aggregate samples was limited, but a non-linear 
behavior could clearly be observed. The abrasion resistance of pure trap rock and pure limestone 
specimens was tested, along with two sets of specimens that were composites of soft mortar, 
limestone, and trap rock. The results of these tests can be seen in Figure 7.2 and Table 7.2.  
Trap rock had the highest abrasion resistance of any material tested. The wear after an 
hour of testing was almost negligible. The limestone phase had a wear rate of 2.48 mm/hr, which 
was almost 18 times higher than that of trap rock. The wear rate of limestone was similar to that 
of the hard mortar phase, and was only slightly higher. This could indicate, that in a composite 
such as concrete, the limestone aggregate could contribute as much or more to the abrasive wear 
in high performing concrete mix with a high quality matrix. 
The non-linear behavior that was observed in the mortar specimens was amplified with 
the trap rock specimens. The presence of just 20% of trap rock in the hard specimen reduced the 
typical soft abrasion rate from 2.90 mm/hr to just 0.83 mm/hr. The abrasion rate of the composite 
with only 20% trap rock was only 28% of the abrasion rate of the 100% hard phase.  
Furthermore, it appears that the other phases had little effect on the overall wear rate. For 
example, the abrasion rate of the soft mortar phase was 3.6 times higher than that of the hard 
specimens. However, when a composite comprised of 40% soft, 40% limestone, and 20% trap 
rock was compared to the 20% trap rock, 8% hard mortar specimen, there was no observed 
significant change in abrasion resistance. This demonstrates that, when there is a very large 
difference in abrasion wear rates between the phases (such as the case in the presence of trap 
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rock), the abrasion is almost entirely controlled by the wear rate of the most resistant phase. The 
softer phases appeared to have no significant impact on the abrasion resistance of the composite. 
In fact, since there is a constant load on the specimen, if it is assumed that the trap rock is 
responsible for bearing the vast majority of the load, than it can be concluded that the pressure is 
now distributed solely over the area of the trap rock and not over the rest of the softer phases. It 
this was indeed the case, it would be expected that the wear rate of specimens comprised of only 
20% trap rock would have wear rates approximately 5 times that of pure trap rock specimens. 
This estimated wear rate would be 0.70 mm/hr, which is similar but lower than the values found 
for 20% trap rock specimens. This could indicate that the size and orientation of the slices and 
boundary conditions also play a minor role. 
7.4 Boundary Condition Test Results 
 
Three different sized slices, in addition to the full-sized pure phase specimens, were tested to 
investigate the effect of the size of the phase on the abrasion results. Two slices were tested in 
each specimen with the exception of the full-sized (3 in.) specimen, where only 1 slice was 
tested. Since the load applied to each specimen was constant, regardless of the surface area of the 
specimen, the abrasion rate was normalized as a function of the pressure (in psi) that was 
applied. With concrete crossties, as material is lost the supporting area decreases, which results 
in an increase in pressure and abrasion. The relationship between pressure, slice size (boundary 
conditions) and abrasion resistance was explored.  
 The results from this test can be found in Table 7.3 and Figure 7.3. As can be seen from 
the results, there was no significant difference between the results of the different slices. While 
the abrasion rate (unnormalized) increased a great deal as the slices became smaller, when the 
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pressure difference was taken into account there was no change in abrasion rates. This result is 
potentially very significant, as it could mean that results from idealized specimens could be 
applied to concrete specimens provided the area fractions of the exposed phases are similar. It 
could also imply that the abrasion resistance of a concrete surface would be similar, regardless of 
the size of the coarse aggregate provided the exposed area fractions do not change. The limits of 
this similarity would need to be further investigated. 
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Chapter 8: ABRASION RESISTANCE MODELLING 
 
In order to develop a model for abrasion resistance, classic models that were developed for 
concrete’s modulus of elasticity were investigated. The overall objective was to analyze the 
abrasion resistance of the composite as a function of the abrasion resistance of the individual 
phases. To do this, various laws of mixtures, including the parallel (Voight) model and the series 
(Reuss) model, were applied to the data. These models were developed for concrete to estimate 
the overall modulus of elasticity of a specific concrete mixture based on the volume fraction and 
properties of the aggregate[18].  
First, the parallel (Voigt) model and the series (Reuss) model were applied to the 
composite mortar mixes. The Voigt model and the Reuss model are two different approaches to 
modelling composite behavior based on the behavior of the two individual phases. These two 
methods were developed to analyze the elastic modulus of concrete as modeled as a composite of 
the coarse aggregate and the matrix. The Voigt model assumes uni-axial strain and provides the 
upper bound solution for estimating Young’s modulus. The Reuss model assumes constant stress 
and represents what is generally considered to be the lower bound solution for estimating 
Young’s modulus. Figure 8.1 shows the idealizations used for each model. 
The Voigt model assumes a linear relationship between the values of the volume 
percentage of the composite and the overall behavior. The Reuss model, on the other hand, 
relates the composite properties as a function of the inverse of the properties of the composites. 
Both models relate a property of the composite to the individual properties as a function of the 
volume percentage or each phase. The formulas for the Voigt and Reuss model, as they apply to 
concrete modulus, are displayed below in Eq. (8.1) and Eq. (8.2). 
50 
 
Parallel (Voigt) Model              (8.1) 
 
Series (Reuss) Model 
 
 
  
 
  
  
 
  
  
 (8.2) 
 where E is the modulus, V is the volume, and the subscripts stand for paste and aggregate for p 
and a, respectively.  
These formulas were modified and applied to the results from the soft and hard mortar 
mixes. The equations are Eq. (8.3) and Eq. (8.4). In the formulas below, “AR” stands for 
abrasion resistance, V stands for volume and the subscripts “1” and “2” refer to the two phases in 
the composite.  
 
Parallel (Voigt) Model 
 
                (8.3) 
 
Series (Reuss) Model 
 
 
   
 
  
   
 
  
   
 (8.4) 
Plots for the Reuss and the Voigt model were applied to the figure of the abrasion 
resistance. The abrasion resistance for the individual components was taken as the abrasion 
resistance for the pure hard and soft mortar specimens. The results are shown in Figure 8.2.  
As can be seen in Figure 8.2 the agreement between the Voigt model was very poor. As 
discussed previously, there is clearly a non-linear relationship between the percentage of the hard 
phase and the abrasion resistance. The Reuss (series) model, however, was shown to have decent 
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agreement with the experimental results. The only major point of deviation was with the 20% 
hard specimen. The Reuss model underestimated the effect of adding a harder phase to the 
composite material. Table 8.1 reports the actual and Reuss estimates for all phases. Please note 
that the results for pure phase specimens are used as the individual phase material properties. 
The data shows that agreement at later stages agreed with the Reuss model, but that the 
model is too conservative with regards to the effects of the hardest phase. Based on this, it was 
possible to calculate a correction factor function for the mortar phases that was related to the  
percentages of each phase exposed as well as the phases’ relative abrasion resistances. The 
results are in Figure 8.3. The modified Reuss model was defined by the following equation, Eq. 
(8.5). 
 
                        
   
   
 [8.4] 
Where ARMod.Reuss is the estimated abrasion resistance, ARReuss is the estimated abrasion resitance 
using the Reuss Model (Eq. 8.3), Vs and ARs is the volume fraction and abrasion resistance of the 
less resistant phase and VH and ARH is the volume fraction and abrasion resistance of the other 
phase, respectively.  
 The modified Reuss equation showed good correlation with the mortar composite results. 
When it was used to analyze extreme abrasion resistance differences, such as with trap rock 
composites, the correction overshadowed the results. Therefore, further analysis would need to 
be done on the correction to make a more universal formula. 
 The success of the Reuss model in predicting abrasion resistance was mildly surprising, 
initially. The Reuss model was developed and applied to concrete to model the elastic modulus 
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and concrete’s behavior under load. Additionally, it modelled the composite as a series of slices 
stacked vertically on each other, which did not appear to match the physical composite 
specimens at all.  
 When carefully considered, however, the vertical slice model is perhaps the most 
appropriate and gets at the true mechanism of abrasion. Figure 8.4 attempts to visualize this. 
Consider that when the composite is first tested in abrasion, the abrasion surface is flat. The 
softer, less abrasion resistant surface would preferentially wear compared to the harder phase. As 
a result, initially the abrasion resistance of the composite would depend solely on the abrasion 
resistance of the weaker phase. This could be considered one “layer,” albeit one that is only 
several particles thick.  
 Soon, however, the surface of the softer phase would fall below that of the harder phase. 
At this point, the overall behavior of the composite would then depend almost exclusively on the 
abrasion resistance of the harder phase, and would remain controlled by this phase until the hard 
phase is worn down to wear the softer phase is once again in contact with the abrasive fines. At 
this point, the softer phase would once again be preferentially worn, and the process would start 
again. If the abrasion behavior of the composite is viewed in these terms, the composite 
resembles the Reuss model with “slices” that are only particles thick. At any given time, only the 
harder phase or the softer phase is in contact with the lapping plate and controlling the abrasion 
resistance.  
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CONCLUSIONS 
 
 It is possible to improve the strength and decrease the permeability of concrete through 
the use of various SCMs. 
 The concrete mixes designed and tested during this study are high performing mixes that 
could be used for concrete crosstie applications in the rail industry. 
 The abrasion resistance of a composite is dependent on the area fraction and properties of 
the individual exposed phases. 
 Abrasion resistance of a two-phase composite is a non-linear function of the abrasion 
resistance of the individual phases as described by a modified Reuss model.  
 The old adage that abrasion resistance of concrete is proportional to concrete strength is 
not universally valid because aggregate hardness can dominate the strength 
characteristics that are strongly controlled by the paste phase of the concrete.   
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TABLES 
Chapter 3: Tables 
Table 3.1: Original mix design matrix. 
 
Mix  # UHPC
All w/c = 0.30 w/c = 0.20
674 pcy 1350 pcy
400 kcm 800 kcm
Cement Substitution 0% 0% 7% 25% 50% 75% 15% 15% 35% 65% 75% 30%
Cement [pcy/kcm] 674 / 400 674 / 400 627 / 372 506 / 300 337 / 200 169 / 100 573 / 340 573 / 340 438 / 260 236 / 140 168 / 100 945 / 560
Silica Fume  %
0 0 7 7 7 7 15 15 15 15 15 30
  [pcy/kcm]
47 / 28 47 / 28 47 / 28 47 / 28 101 / 60 101 / 60 101 / 60 101 / 60 101 / 60 405 / 240
Class”F” Fly Ash %
0 0 0 18 0 18 0 0 20 0 20 0
  [pcy/kcm]
121 / 72 121 / 72 135  / 80 135 / 80
Grade 100 Slag Cement     % 0 0 0 0 43 50 0 0 0 50 40 0
  [pcy/kcm]
290 / 172 337 / 200 337 / 200 270 / 160
Steel Fibers  % ≈ 1 % ≈ 1 % ≈ 2 %
  [pcy/kcm] 42 / 25 42 / 25 84 / 50
Coarse Agg.      ≈ 70 %      0%
Fine Agg.      ≈ 30 %      100%
HRWR      8” – 10” slump     S.C.C.
Air Entrainment      6± % Air content     0%
     
O-15SF O-15SFFib O-15SF20FA O-15SF5SC
O-15SF  
20FA40SC
Total Cementitious
   
Con ConFib 7SF 7SF18FA 7SF43SC
O-7SF18  
FA50SC
60 
 
Table 3.2: Original test matrix 1 day strengths. 
Mix 
%PC 
Replacement 
Strength 
(psi) %Control 
O-Control 0 4950 100.00 
O-7SF 7 4580 92.53 
O-7SF18FA 25 3080 62.22 
O-7SF43SC 50 2770 55.96 
O-7SF18FA50SC 75 639 12.91 
O-15SF 15 4590 92.73 
O-15SF20FA 35 3300 66.67 
O-15SF50SC 65 1460 29.49 
O-15SF20FA40SC 75 819 16.55 
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Table 3.3: Final mix design matrix. 
Mix  # UHPC
Con                  
No AEA
7SF                
No AEA
All w/c = 0.30 w/c = 0.19 w/c = 0.20 w/c = 0.20
674 pcy 1350 pcy 674 674
400 kcm 800 kcm 400 400
Cement Substitution
0% 0% 3% 21% 7% 25% 50% 50% 15% 15% 33% 58% 35% 0% 7%
Cement [pcy/kcm]
674 / 400 674 / 400 654 / 388 532.5/ 316 627 / 372 506 / 300 337 / 200 337 / 200 573 / 340 573/340 451.5 / 268 283/168 877.5 / 520 674 / 400 627 / 372
Silica Fume  %
0 0 3 3 7 7 7 7 15 15 15 15 15 0 7
  [pcy/kcm]
20 / 12 20 / 12 47 / 28 47 / 28 47 / 28 47 / 28 101 / 60 47 / 28 101 / 60 101 / 60 202.5 / 120 47 / 28
Class”F” Fly Ash %
0 0 0 18 0 18 0 18 0 0 18 0 20 0 0
  [pcy/kcm]
121 / 72 121 / 72 121 / 72 121 / 72 270 / 160
Grade 100 Slag Cement     % 0 0 0 0 0 0 43 25 0 0 0 43 0 0 0
  [pcy/kcm]
290 / 172 169/ 100 290 / 172
Steel Fibers  v.% ≈ 0.35% ≈ 0.35 % ≈ 1 %
  [pcy/kcm]  46 / 27.3  46 / 27.3 131.4 / 78
Coarse Agg.      ≈ 62 %       0 62 62
Fine Agg.      ≈ 38 %       100 38 38
HRWRpolycarboxil.      8” – 10” slump        
Air Entrainment     
4.5±0.5 %  
Air
content      No AEA No AEA No AEA
     
Total Cementitious
    
7SF43SC
7SF18FA
25SC
15SF 15SFFib
15SF            
18FA
15SF               
43SC
Con ConFib 3SF 3SF18FA 7SF 7SF18FA
62 
 
Table 3.4: Effect of increasing mix time on 1 day compressive strength (7SF). 
 
Mixing Time Air (%) Avg. Strength (psi) CoV (%) 
Strength 
increase (%) 
# 1 16 min. 6.6 4371 1.34 0.0 
# 2 19 min. 5.8 4803 1.83 9.9 
# 3 26 min. 5 5505 1.71 25.9 
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Chapter 4: Tables 
Table 4.1: Batch data for concrete mixes (pg 1/3). 
  
 
 
Name
Batch 1 2 1 2 1 2 1 2 1 2
Size (ft3) 1.3 1.35 1.25 1.25 1.3 1.35 1.3 1.35 1.3 1.35
w/c 0.300 0.300 0.300 0.300 0.300 0.300 0.300 0.300 0.300 0.300
Cement pcy 674 674 674 674 654 654 533 533 627 627
Cement (lbs) 32.45 33.70 31.20 31.20 31.49 32.70 25.66 26.65 30.19 31.35
Silica Fume pcy 0.00 0.00 0.00 0.00 20.00 20.00 20.00 20.00 47.00 47.00
Silica Fume (lbs) 0.00 0.00 0.00 0.00 0.96 1.00 0.96 1.00 2.26 2.35
Fly Ash pcy 0.00 0.00 0.00 0.00 0.00 0.00 121.00 121.00 0.00 0.00
Fly Ash (lbs) 0.00 0.00 0.00 0.00 0.00 0.00 5.83 6.05 0.00 0.00
GGBFS pcy 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
GGBFS (lbs) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Steel Fibers pcy 0.00 0.00 46.02 46.02 0.00 0.00 0.00 0.00 0.00 0.00
Steel Fibers (lbs) 2.13 2.13
Coarse Agg SSD (lbs) 94.9 98.6 90.8 90.8 94.7 98.4 93.7 97.3 94.5 98.1
Fine Agg. SSD (lbs) 56.6 58.8 54.2 54.2 56.5 58.7 55.9 58.1 56.4 58.5
HRWR (oz) 3.894 3.774 3.245 3.245 4.673 4.853 4.933 4.583 5.192 5.392
Air Entrainment (oz) 0.208 0.216 0.225 0.225 0.182 0.189 0.234 0.216 0.182 0.189
Theoretical Water 9.74 10.11 9.36 9.36 9.74 10.11 9.74 10.11 9.74 10.11
FA/(FA+CA) (volume ratio) 0.38 0.38 0.38 0.38 0.38 0.38 0.38 0.38 0.38 0.38
HRWR/Cementitious 0.0075 0.007 0.0065 0.0065 0.009 0.009 0.0095 0.0085 0.01 0.01
AEA/Cementitous 0.0004 0.0004 0.00045 0.00045 0.00035 0.00035 0.00045 0.0004 0.00035 0.00035
Slump (in) 9.5 8 8 9 8
Air Content % 5.1 4.8 3.9 4.7 4.8 4.9 5.1 4.9 5.3 5.4
Bucket Empty 8.25 8.25 8.25 8.25 8.25 8.25 8.25 8.25 8 8.4
Bucket Full 44.7 44.5 46.15 45.85 45.3 44.8 44.75 45.2 44.65
Unit Weight (pcy) 3936.6 3915 4093.2 4060.8 4001.4 3947.4 3942 3991 3915
Unit Weight (pcf) 145.8 145 151.6 150.4 -33 148.2 146.2 146 147.8 145
Yield 1.3 1.4 1.2 1.2 -5.9 1.4 1.3 1.4 1.26 1.4
Mix Designation
Cementitious
Other Materials
Fresh Concrete 
Properties
Con ConFib 3SF 3SF18FA 7SF
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Table 4.1 cont.: Batch data for concrete mixes (pg. 2/3). 
  
 
 
Name
Batch 1 2 1 2 1 2 1 2 1 2
Size (ft3) 1.3 1.25 1.3 1.35 1.3 1.35 1.3 1.3 1.25 1.25
w/c 0.300 0.300 0.300 0.300 0.300 0.300 0.300 0.300 0.300 0.300
Cement pcy 506 506 337 337 337 337 573 573 627 627
Cement (lbs) 24.36 23.43 16.23 16.85 16.23 16.85 27.59 27.59 29.03 29.03
Silica Fume pcy 47.00 47.00 47.00 47.00 47.00 47.00 101.00 101.00 47.00 47.00
Silica Fume (lbs) 2.26 2.18 2.26 2.35 2.26 2.35 4.86 4.86 2.18 2.18
Fly Ash pcy 121.00 121.00 0.00 0.00 121.00 121.00 0.00 0.00 0.00 0.00
Fly Ash (lbs) 5.83 5.60 0.00 0.00 5.83 6.05 0.00 0.00 0.00 0.00
GGBFS pcy 0.00 0.00 290.00 290.00 169.00 169.00 0.00 0.00 0.00 0.00
GGBFS (lbs) 0.00 0.00 13.96 14.50 8.14 8.45 0.00 0.00 0.00 0.00
Steel Fibers pcy 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 46.02 46.02
Steel Fibers (lbs) 2.13 2.13
Coarse Agg SSD (lbs) 93.5 89.9 93.8 97.4 93.1 96.7 94.0 94.0 90.4 90.4
Fine Agg. SSD (lbs) 55.8 53.6 56.0 58.1 55.5 57.7 56.0 56.0 53.9 53.9
HRWR (oz) 5.192 4.743 4.154 4.314 4.154 4.314 6.231 6.231 5.242 4.993
Air Entrainment (oz) 0.182 0.175 0.104 0.108 0.156 0.162 0.182 0.182 0.175 0.175
Theoretical Water 9.74 9.36 9.74 10.11 9.74 10.11 9.74 9.74 9.36 9.36
FA/(FA+CA) (volume ratio) 0.38 0.38 0.38 0.38 0.38 0.38 0.38 0.38 0.38 0.38
HRWR/Cementitious 0.01 0.0095 0.008 0.008 0.008 0.008 0.012 0.012 0.0105 0.01
AEA/Cementitous 0.00035 0.00035 0.0002 0.0002 0.0003 0.0003 0.00035 0.00035 0.00035 0.00035
Slump (in) 10 8 9.5 8.5 9
Air Content % 5.3 4.9 5.2 5.2 4.8 5.4 5.1 4.6 4.8 4.7
Bucket Empty 8.35 8.35 8.25 8.25 8.25 8.25 8.25 8.25 8.25
Bucket Full 44.65 44.5 44.8 45 44.65 44.85 45.4 45.5 45.2
Unit Weight (pcy) 3920.4 3947.4 3969 3931.2 3952.8 4012.2 4023 3990.6
Unit Weight (pcf) 145.2 144.6 146.2 147 145.6 146.4 148.6 149 147.8
Yield 1.3 1.3 1.4 1.3 1.4 1.3 1.3 1.3 1.3
Mix Designation
Cementitious
Other Materials
Fresh Concrete 
Properties
15SFFib7SF18FA 7SF43SC 7SF18FA25SC 15SF
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Table 4.1 cont.: Batch data for concrete mixes (pg. 3/3). 
   
Name StdCon
Batch 1 2 1 2 1 2 1 2 1 2 1
Size (ft3) 1.3 1.35 1.3 1.35 1.3 1.35 1.3 1.35 1.3 1.25 1.3
w/c 0.300 0.300 0.300 0.300 0.200 0.200 0.300 0.300 0.300 0.300 0.360
Cement pcy 452 452 283 283 878 878 674 674 627 627 674
Cement (lbs) 21.76 22.60 13.63 14.15 42.27 43.90 32.45 33.70 30.19 29.03 32.45
Silica Fume pcy 101.00 101.00 101.00 101.00 202.00 202.00 0.00 0.00 47.00 47.00 0.00
Silica Fume (lbs) 4.86 5.05 4.86 5.05 9.73 10.10 0.00 0.00 2.26 2.18 0.00
Fly Ash pcy 121.00 121.00 0.00 0.00 270.00 270.00 0.00 0.00 0.00 0.00 0.00
Fly Ash (lbs) 5.83 6.05 0.00 0.00 13.00 13.50 0.00 0.00 0.00 0.00 0.00
GGBFS pcy 0.00 0.00 290.00 290.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
GGBFS (lbs) 0.00 0.00 13.96 14.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Steel Fibers pcy 0.00 0.00 0.00 0.00 4.87 4.87 0.00 0.00 0.00 0.00 46.02
Steel Fibers (lbs) 6.33 6.57 2.22
Coarse Agg SSD (lbs) 93.0 96.6 93.3 96.9 0.0 0.0 99.0 102.8 98.5 94.7 89.0
Fine Agg. SSD (lbs) 55.4 57.6 55.7 57.8 108.3 112.4 59.0 61.3 58.7 56.5 52.4
HRWR (oz) 5.192 5.392 4.673 4.853 20.800 21.600 3.635 4.044 5.712 5.492 3.375
Air Entrainment (oz) 0.182 0.189 0.104 0.108 0.000 0.000 0.000 0.000 0.000 0.000 0.234
Theoretical Water 9.74 10.11 9.74 10.11 13.00 13.50 9.74 10.11 9.74 9.36 11.68
FA/(FA+CA) (volume ratio) 0.38 0.38 0.38 0.38 1.00 1.00 0.38 0.38 0.38 0.38 0.38
HRWR/Cementitious 0.01 0.01 0.009 0.009 0.02 0.02 0.007 0.0075 0.011 0.011 0.0065
AEA/Cementitous 0.00035 0.00035 0.0002 0.0002 0 0 0 0 0 0 0.00045
Slump (in) 7 11 7 7.5 8
Air Content % 5.1 5.2 5.5 5.3 4 2.2 1.9 1.9 1.7 5.5
Bucket Empty 8.25 8.25 8.25 8.25 8.2 8.2 8.2 8.25 8.25 8.25
Bucket Full 44.65 44.4 44.5 45.05 44.15 46.4 46.6 46.6 46.75 45.25
Unit Weight (pcy) 3931.2 3904.2 3915 3974.4 3882.6 4125.6 4147.2 4141.8 4158 3996
Unit Weight (pcf) 145.6 144.6 145 147.2 143.8 152.8 153.6 153.4 154 148
Yield 1.3 1.4 1.3 1.3 1.3 1.3 1.4 1.3 1.2 1.3
Mix Designation
Cementitious
Other Materials
Fresh Concrete 
Properties
15SF18FA 15SF43SC UHPC ConNA 7SFNA
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Table 4.2: Heat of hydration. 
Mix 
Max Temperature 
(°C) 
Max Temperature Rise 
(°C) 
Con 41.20 18.20 
7SF 42.70 19.70 
7SF18FA 36.80 13.80 
15SF18FA 36.81 13.81 
15SF43SC 32.81 9.81 
UHPC 52.64 29.64 
ConNA 40.73 17.73 
3SF 48.10 25.1 
3SF18FA 42.915 19.915 
 
Table 4.3: Chloride ion penetrability per ASTM C1202. 
Charge Passed 
(coulombs) 
Chloride Ion 
Penetrability 
>4000 High 
2,000-4,000 Moderate 
1,000-2,000 Low 
100-1,000 Very Low 
<100 Negligible 
 
Table 4.4: Results of ASTM C1202 RCPT. 
Mix 
28 Days 90 Days 
Coulombs Classification Coulombs Classification 
Con. 2693 Moderate 1480 Moderate 
3SF 1479 Low 1060 Low 
3SF18FA 1348 Low 676 Very Low 
7SF 598 Very Low 407 Very Low 
7SF18FA 606 Very Low 372 Very Low 
7SF43SC 466 Very Low 245 Very Low 
7SF18FA25SC 535 Very Low 294 Very Low 
15SF 421 Very Low 265 Very Low 
15SF18FA 536 Very Low 216 Very Low 
15SF43SC 369 Very Low 155 Very Low 
Std. Con. 4039 High/Moderate - 
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Table 4.5: Relative dynamic modulus (%) of specimens exposed to freezing and thawing. 
 # of F/T cycles: 0 38 80 114 141 163 303 
Con. 100 98.5 97.5 97 96.5 96 95.5 
ConFib 100 98.5 96.5 96.5 96 96 94.3 
3SF 100 99 97.3 96.8 96.3 96.3 95.8 
3SF18FA 100 98 95.8 95.8 94.3 94.3 93.8 
7SF 100 98 97.5 96.5 96 95.8 95 
7SF18FA 100 98.5 97.5 97 95.8 95.8 94.8 
7SF43SC 100 98 97.5 96.5 96 95.3 95 
7SF18FA25SC 100 98 97 96.5 96 95.3 94.8 
15SF 100 99 97.3 96.3 95.8 95.8 96 
15SFFib 100 98 97.5 97 97 96.5 96.5 
15SF18FA 100 97 96.5 96 96 95.3 94.8 
15SF43SC 100 98 97 97 97 96.5 96 
UHPC 100 99 99 99 99 99 98.5 
ConNA 100 97.5 96 96 95 94.3 94 
7SFNA 100 98 97 96.5 96 95.3 94.8 
 
Table 4.6: Length change (%) for specimens exposed to freezing and thawing. 
# of cyles 0 38 80 114 141 163 303 
Con. 0 0.0045 0.0075 0.005 0.009 0.0105 0.011 
ConFib 0 0.002 0.003 0.004 0.005 0.0065 0.01 
3SF 0 0.001 0.0065 0.0025 0.004 0.0055 0.0075 
3SF18FA 0 0.002 0.0015 -0.002 -0.0015 -0.0015 0.005 
7SF 0 0.005 0.002 -0.002 0.001 0.0025 -0.0005 
7SF18FA 0 0.0035 0.006 0.0025 0.005 0.002 0.0035 
7SF43SC 0 0.0045 0.0045 0.002 0.0065 0.005 0.006 
7SF18FA25SC 0 0.0035 0.0055 0.005 0.004 0.008 0.009 
15SF 0 0.004 0.0045 0.003 0.0075 0.007 0.012 
15SFFib 0 0.003 0.0055 0.002 0.0075 0.005 0.0095 
15SF18FA 0 0.0025 0.004 0.0005 0.0015 0.005 0.0065 
15SF43SC 0 0.0005 0.0045 0.005 0.0105 0.013 0.012 
UHPC 0 0.0005 0.005 0.0019 0.0065 0.0035 0.0075 
ConNA 0 0.002 0.0025 0.0015 0.004 0.0035 0.0095 
7SFNA 0 0.003 0.0065 0.004 0.007 0.0085 0.011 
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Table 4.7: Mass change (%) for specimens exposed to freezing and thawing. 
# of cycles 0 38 80 114 141 163 303 
Con. 0 0.055 0.03 0.09 0.025 0.02 -0.01 
ConFib 0 0.04 0.02 0.05 0.04 0.025 0.045 
3SF 0 0.015 0.025 0.045 0.05 0.045 0.035 
3SF18FA 0 -0.075 -0.14 -0.145 -0.014 -0.185 -0.215 
7SF 0 0.015 -0.03 -0.015 -0.025 -0.03 -0.05 
7SF18FA 0 -0.01 -0.05 -0.015 -0.045 -0.065 0.005 
7SF43SC 0 0.01 -0.01 -0.02 -0.035 -0.03 -0.025 
7SF18FA25SC 0 0.005 -0.01 -0.135 -0.11 -0.115 -0.096 
15SF 0 -0.085 -0.135 -0.145 -0.175 -0.185 -0.175 
15SFFib 0 0.035 0.005 0.01 0.025 0.04 0.055 
15SF18FA 0 0.015 0.01 0.02 0.035 0.03 0.035 
15SF43SC 0 0.025 -0.03 0.02 0.025 0.015 0.04 
UHPC 0 0.005 -0.01 -0.01 -0.015 -0.035 -0.02 
ConNA 0 0.04 0.045 0.055 0.06 0.055 0.08 
7SFNA 0 0.02 -0.01 -0.035 -0.025 -0.03 -0.01 
 
 
Table 4.8: Compressive strengths of the concrete mixes at various ages. 
 
Compressive Strength (psi) 
Age (Days): 1 7 28 90 
Con 4734 8155 8743 9975 
ConFb 5569 7531 8482 9467 
3SF 7053 9619 11423 11509 
3SF18FA 4942 7891 10164 11033 
7SF 5992 10281 12020 11827 
7SF18FA 4464 8144 11329 10939 
7SF43SC 3052 8994 10642 11419 
7SF18FA25SC 3166 8226 10039 11402 
15SF 6366 9402 11429 12527 
15SFFb 6366 9552 11935 12494 
15SF18FA 3920 7672 10442 11602 
15SF43SC 2401 8802 10244 11502 
UHPC 7284 14505 15759 16517 
ConNA 6873 9704 11123 11407 
7SFNA 7067 10864 11731 12779 
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Chapter 5: Tables 
 
Table 5.1: Mix designs for composite mortar mixes. 
  Soft Hard 
Agg/Paste volume ratio 1.43 1.43 
Agg/Cem volume ratio 3.68 2.60 
w/b 0.50 0.28 
Cement (pcf) 31.05 32.70 
Silica Fume (pcf) 0.00 8.18 
Fine Agg. SSD (pcf) 94.2 94.2 
Water (pcf) 15.53 11.45 
 
 
Chapter 6: Tables 
 
Table 6.1: Initial test matrix for mortar composites. 
Designation Slice Order % Hard 
SSSSS Soft-Soft-Soft-Soft-Soft 0% 
SSHSS Soft-Soft-Hard-Soft-Soft 20% 
SHSHS Soft-Hard-Soft-Hard-Soft 40% 
HSHSH Hard-Soft-Hard-Soft-Hard 60% 
HHSHH Hard-Hard-Soft-Hard-Hard 80% 
HHHHH Hard-Hard-Hard-Hard-Hard 100% 
 
Table 6.2: Test matrix for aggregate composites. 
Designation Slice Order 
LLLLL Limestone-Limestone-Limestone-Limestone-Limestone 
TTTTT Trap rock-Trap rock-Trap rock-Trap rock-Trap rock 
SSTSS Soft-Soft-Trap rock-Soft-Soft 
SLTLS Soft-Limestone-Trap rock-Limestone-Soft 
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Chapter 7: Tables 
 
Table 7.1: Abrasion results for mortar composite specimens. 
Per. Hard (%Area) Specimen Rate (mm/hr) StDev 
0 SSSSS 8.990 0.661 
20 SSHSS 5.122 0.455 
40 SHSHS 4.660 0.194 
60 HSHSH 4.120 0.258 
80 HHSHH 2.959 0.156 
100 HHHHH 2.900 0.114 
 
Table 7.2: Abrasion wear rates for all composite specimens. 
Specimen Rate (mm/hr) StDev 
TTTTT 0.141 0.070 
SSTSS 0.830 0.067 
SLTLS 0.977 0.179 
LLLLL 2.480 0.107 
HHHHH 2.900 0.114 
HHSHH 2.959 0.156 
HSHSH 4.120 0.258 
SHSHS 4.660 0.194 
SSHSS 5.122 0.455 
SSSSS 8.990 0.661 
 
Table 7.3: Boundary condition test results. 
Slice Size Thickness (in) 0.6 0.9 1.2 3 
Force applied (lbs) 4.5 4.5 4.5 4.5 
Area of slice (in
2
) 1.8 2.7 3.6 9 
Pressue (psi) 1.25 0.833 0.625 0.50 
Abrasion Rate (mm/hr) 22.20 14.25 11.37 8.99 
St. Dev. 2.20 1.47 1.26 0.66 
Normalized Abrasion Rate (mm/hr/psi) 17.76 17.10 18.19 17.98 
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Chapter 8: Tables 
 
Table 8.1: Reuss estimates and errors for composite specimens. 
Specimen Rate (mm/hr) Reuss Error (%) Error (mm/hr) 
Trap rock (T) 0.141 
Pure phase data 
Limestone (L) 2.480 
Hard mortar (H) 2.900 
Soft mortar (S) 8.990 
SSTSS 0.830 0.420 -49.4 -0.410 
SLTLS 0.977 0.616 -36.9 -0.360 
HHSHH 2.959 3.354 13.4 0.396 
HSHSH 4.120 3.978 -3.4 -0.142 
SHSHS 4.660 4.886 4.8 0.226 
SSHSS 5.122 6.331 23.6 1.209 
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FIGURES 
Chapter 3: Figures 
 
 
Figure 3.1: 1 day strength of original test matrix. 
 
 
Figure 3.2: ASTM C779 procedure C ball bearing method[65]. 
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Figure 3.3: ASTM C779 Procedure B dressing wheel method[65]. 
 
 
 
Figure 3.4: ASTM C779 procedure A, the revolving disk method[65]. 
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Figure 3.5: Small-Scale Test for Abrasion Resistance (SSTAR). 
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Chapter 4: Figures 
 
Figure 4.1 Heat of hydration data. 
 
 
Figure 4.2 Length change for all lime-cured specimens. 
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Figure 4.3: Length change for selected lime-cured mixes. 
 
 
Figure 4.4: Length change for all air-cured specimens. 
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Figure 4.5: Length change for air-cured specimens containing silica fume and fly ash. 
 
 
Figure 4.6: ASTM C1202 RCPT results. 
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Figure 4.7: Dynamic modulus of specimens exposed to freezing and thawing. 
 
Figure 4.8: Expansion of concrete specimens exposed to freezing and thawing. 
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Figure 4.9: Compressive strength of the concrete mixes at various ages (90 day strength 
labeled). 
 
 
Figure 4.10: Abrasion resistance of three selected mixes.  
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Figure 4.11: Wear depth vs time for concrete mixes. 
 
 
Figure 4.12: Wear depth vs time for selected concrete mixes. 
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Figure 4.13: Final wear rate for concrete mixes. 
 
 
Figure 4.14: Wear rate versus compressive strength of concrete mixes. 
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Figure 4.15: Surface of concrete specimen prior to testing in SSTAR. 
 
 
Figure 4.16: Photo of concrete specimen after abrasion test. 
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Figure 4.17: Comparison between the abrasion resistance of concrete made with densified 
vs undensified silica fume. 
 
 
Figure 4.18: Comparison of trap rock (TR) specimens to limestone aggregate (LS) 
specimens in abrasion. 
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Figure 4.19: Abraded surface of concrete trap rock specimen. 
 
 
Figure 4.20: Averaged HPC compressive strength vs wear compared to StdCon and UHPC. 
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Chapter 5: Figures 
 
 
Figure 5.1 Pure soft mortar specimen (SSSSS). 
 
Figure 5.2 80% soft, 20% hard composite (SSHSS). 
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Figures 5.3 60% soft, 40% hard composite (SHSHS). 
 
 
Figure 5.4 40% soft, 60% hard composite(HSHSH). 
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Figure 5.5 20% soft, 80% hard composite (HHSHH). 
 
 
Figure 5.6 Pure hard mortar phase (HHHHH). 
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Figure 5.7 Pure limestone phase (LLLLL). 
 
 
Figure 5.8 Pure trap rock phase (TTTTT). 
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Figure 5.9: 20% trap rock, 80% hard mortar (HHTHH). 
 
 
Figure 5.10: 40% soft, 40% limestone, 20% traprock (SLTLS). 
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Figure 5.11: 5-slice verus 6-slice symmetry problems with specimen fabrication. 
 
 
Figure 5.12: Limestone coarse aggregate sample. 
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Figure 5.13: Trap rock coarse aggregate sample. 
 
 
Figure 5.14: Boundary condition test with 0.6 in. slices. 
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Figure 5.15: Boundary condition test with 0.9 in. slices. 
 
 
Figure 5.16: Boundary condition test with 1.2 in. slices. 
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Chapter 6: Figures 
 
 
Figure 6.1: Measuring schematic for abrasion composite slices. 
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Chapter 7: Figures 
 
Figure 7.1: Abrasion results for mortar composite specimens. 
 
 
Figure 7.2: Abrasion wear rates for all composite specimens. 
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Figure 7.3: Boundary condition tests with different slice sizes. 
 
Chapter 8: Figures 
 
 
Figure 8.1: Voigt and Reuss Models[71]. 
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Figure 8.2: The abrasion resistance compared to rule of mixtures. 
 
 
Figure 8.3 Reuss and Modified Reuss models for abrasion resistance with composite 
mortar results. 
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Figure 8.4: Cycle of abrasive wear with hard (blue) and soft (orange) phases. 
 
 
 
